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Abstract	  
Type	   IV	   pili	   (Tfp)	   are	   widespread	   virulence	   factors	   whose	  multifunctional	   ability	  sets	   them	   apart	   from	   other	   pili.	   Tfp	   mediate	   adhesion	   as	   well	   as	   aggregation,	  competence	  for	  DNA	  transformation	  and	  twitching	  motility	  (a	  non-­‐flagellar	  form	  of	  locomotion)	   in	   many	   bacterial	   pathogens.	   The	   molecular	   mechanisms	   of	   these	  functions	   and	   the	   biogenesis	   of	   these	   pili	   are	   not	   yet	   fully	   understood.	   To	   better	  understand	  Tfp	  biology,	  our	  group	  started	  a	  systematic	  characterization	  of	  all	  of	  the	  proteins	   involved	   in	   Tfp	   biology	   in	   a	   well-­‐defined	   genetic	   background,	   Neisseria	  
meningitidis	   strain	   8013.	   Screening	   of	   a	   large	   library	   of	   mutants	   in	   this	   strain	  followed	  by	  an	  in-­‐depth	  mining	  of	  the	  genome	  resulted	  in	  the	  discovery	  of	  23	  genes	  that	  may	  be	  involved	  in	  Tfp	  biology.	  Seven	  of	  these	  genes	  encode	  proteins	  deemed	  “accessory”	   for	   Tfp	   biogenesis	   as	   the	   corresponding	   mutants	   are	   piliated.	   Since	  previous	  analysis	  of	  one	  these	  genes	  (pilX)	   led	  to	  the	  finding	  that	  it	  modulates	  one	  Tfp-­‐linked	  function	  (aggregation),	  the	  first	  aim	  of	  my	  project	  was	  to	  phenotypically	  characterize	  mutants	   in	   the	   remaining	   genes	   along	  with	   double	  mutants	   in	  which	  filament	   retraction	   is	   abolished	   by	   a	   concurrent	   mutation	   in	   the	   pilT	   gene,	   and	  strains	   overexpressing	   the	   corresponding	   proteins	   with	   regards	   to	   levels	   of	  piliation,	   adhesion,	   aggregation	   and	   DNA	   competence.	   This	   was	   achieved	   using	   a	  battery	   of	   quantitative	   and	   qualitative	   methods	   well-­‐established	   in	   our	   research	  group.	  Results	  from	  this	  study	  showed	  that	  each	  of	  the	  seven	  proteins	  plays	  a	  role	  in	  fine-­‐tuning	   of	   Tfp-­‐linked	   function(s).	   This	   completed	   our	   systematic	   study	   of	  mutants	  in	  N.	  meningitidis	  Tfp	  biology,	  and	  gave	  us	  a	  complete	  picture	  of	  the	  roles	  of	  these	  proteins	  in	  Tfp	  function.	  This	  provides	  us	  with	  a	  platform	  for	  further	  in-­‐depth	  study	   of	   these	   proteins.	   In	   parallel,	   we	   attempted	   to	   further	   characterize	   one	   of	  these	  proteins,	  PilZ,	  by	  determining	  its	  localization	  and	  protein	  structure,	  however,	  we	  have	  been	  unsuccessful	   in	  both	  efforts	  so	   far.	  Finally	  we	  attempted	  to	   improve	  upon	  the	  current	  pilus	  purification	  method	  using	  a	  His-­‐tagged	  version	  of	  the	  major	  pilus	  subunit	  PilE	  to	  purify	  fibres	  by	  affinity	  chromatography.	  This	  could	  be	  a	  very	  useful	  tool	  for	  future	  studies.	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  reaction	  PFA	   	   	   	   Paraformaldehyde	  Rif	   	   	   	   Rifampicin	  rpm	   	   	   	   Revolutions	  per	  minute	  SDS	   	   	   	   Sodium	  dodecyl	  sulphate	  SDS-­‐PAGE	   	   Sodium	  dodecyl	  sulphate-­‐Polyacrylamide	  gel	  electrophoresis	  Spec	   	   	   	   Spectinomycin	  ST	   	   	   	   Sequence	  Type	  TBS	   	   	   	   Tris-­‐buffered	  saline	  TCP	   	   	   	   Toxin	  co-­‐regulated	  pili	  TEM	   	   	   	   Transmission	  Electron	  Microscopy	  TEMED	   	   	   N,N,N,N-­‐Tetramethylene-­‐diamine	  Tfp	   	   	   	   Type	  IV	  pili	  Tfpa	   	   	   	   Type	  IVa	  pili	  Tfpb	   	   	   	   Type	  IVb	  pili	  Tris	   	   	   	   Tris(hydroxymethyl)aminomethane	  UPEC	   	   	   	   Uropathogenic	  E.	  coli	  WT	   	   	   	   Wild	  type	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V	   	   	   	   Volts	  xg	   	   	   	   times	  gravity	  (relative	  centrifugal	  force)	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  Introduction	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1.1	   Bacterial	   pili:	   widespread	   and	   very	   heterogeneous	   surface	  
organelles	  The	  attachment	  of	  bacteria	   to	   surfaces,	  whether	   it	   is	   their	  preferred	  niche	  and/or	  host	   cells	   for	  pathogens,	   is	   a	  key	  aspect	  of	   their	   life-­‐cycle.	  Bacteria	  have	   therefore	  evolved	   a	   multitude	   of	   colonization	   factors	   to	   be	   able	   to	   inhabit	   every	   niche	  imaginable	  from	  the	  deepest	  oceans	  to	  the	  human	  body.	  In	   the	   case	   of	   pathogenic	   bacteria,	   such	   as	   the	   human	   pathogen	   Neisseria	  
meningitidis	   that	   I	   will	   focus	   upon	   in	   this	   thesis,	   there	   has	   been	   a	   considerable	  amount	  of	  research	   into	   the	   first	  stages	  of	   infection	  during	  which	  bacterial	   factors	  known	   as	   adhesins	   play	   a	   critical	   role.	   The	   evolution	   of	   pathogenic	   bacteria	   to	  colonize,	   survive	   and	   grow	   in	   very	  different	   hosts	   has	   led	   to	   the	  design	  of	   a	  wide	  variety	   of	   colonization	   factors	   to	   allow	   initial	   attachment	   to	   host	   cells	   (Soto	   and	  Hultgren,	  1999).	  However,	   these	   factors	  can	  be	  divided	   into	   two	  main	  groups:	   the	  non-­‐fimbrial	   adhesins	   and	   the	   fimbrial	   adhesins	   known	  as	   pili	   or	   fimbriae.	  As	  my	  project	  is	  focussed	  upon	  the	  pili	  of	  N.	  meningitidis,	  this	  introduction	  will	  attempt	  to	  give	  a	  short	  overview	  of	  this	  very	  vast	  field.	  Pili	   are	  widespread	  colonization	   factors	   in	   the	  bacterial	  kingdom,	  being	  expressed	  by	   pathogenic	   and	   commensal	   bacteria	   alike.	   They	   are	   hair-­‐like	   filaments	   that	  protrude	   from	  the	  bacterial	   surface	   (Figure	  1.1),	   and	  are	  mainly	  multimers	  of	  one	  subunit	  protein	  generically	  named	  pilin	  (Soto	  and	  Hultgren,	  1999).	  In	  the	  past	  few	  decades,	   pili	   have	   been	   essentially	   and	   extensively	   studied	   in	   Gram	   negative	  bacteria.	   However,	   the	   recent	   (re)discovery	   of	   pili	   in	   Gram	   positive	   bacteria	   has	  promoted	  a	  large	  amount	  of	  research	  on	  these	  particular	  organelles	  in	  the	  past	  few	  years	  (Telford	  et	  al.,	  2006).	  Many	   different	   types	   of	   pili	   have	   been	   discovered	   which	   display	   very	   different	  morphologies.	  Therefore,	  these	  organelles	  were	  originally	  grouped	  due	  to	  common	  morphological	   features	   as	   viewed	   by	   electron	   microscopy.	   More	   recently,	   the	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molecular	  characterization	  of	  several	  different	  types	  of	  pili	  has	  led	  to	  a	  classification	  based	  on	  mechanisms	  of	  pilus	  assembly,	  which	  is	  coherent	  with	  the	  previous	  one.	  	  
	  	  
Figure	   1.1	   Pili	   are	   hair-­like	   organelles:	   example	   of	   type	   IV	   pili	   in	  Neisseria	  
meningitidis.	  	  Pictures	   obtained	   by	   (A)	   immuno-­‐fluorescence	   microscopy	   and	   (B)	   transmission	  electron	  microscopy	  (modified	  from	  Hélaine,	  et	  al.	  2005).	  	  Some	  of	  the	  most	  characteristic	  and/or	  best	  studied	  examples	  of	  pili	  will	  be	  briefly	  introduced	   below.	   These	   are	   type	   1	   and	   P	   pili	   of	   Escherichia	   coli	   (which	   are	   both	  assembled	   via	   the	   chaperone-­‐usher	   pathway),	   curli	   pili	   found	   in	   E.	   coli	   and	  
Salmonella	   species	   (these	   are	   assembled	   via	   the	   extracellular	   nucleation-­‐precipitation	   pathway)	   and	   pili	   assembled	   by	   Gram-­‐positive	   bacteria	   such	   as	  pathogenic	  Streptococci	   and	  Corynebacterium	  diptheriae	   (Soto	  and	  Hultgren,	  1999,	  Wu	  and	  Fives-­‐Taylor,	  2001,	  Telford	  et	  al.,	  2006).	  Then	  a	  more	  detailed	  picture	  of	  our	  current	  knowledge	  of	  type	  IV	  pili	  (Tfp)	  will	  be	  drawn	  from	  the	  literature,	  these	  are	  expressed	   by	   numerous	   bacteria	   including	   pathogenic	   Neisseria	   species	   and	  
Pseudomonas	   aeruginosa.	   The	   mode	   of	   assembly	   for	   Tfp	   is	   similar	   to	   the	   type	   II	  secretion	   (also	   known	   as	   the	   general	   secretory	   pathway)	   that	   is	   widely	   used	   by	  Gram	   negative	   bacteria	   to	   secrete	   proteins,	   most	   notably	   toxins,	   into	   the	  extracellular	  milieu	  (Filloux,	  2004).	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1.1.1	  Chaperone-­usher	  assembly	  pathway:	  type	  I	  and	  P	  pili	  Of	   the	  Chaperone-­‐usher	  pathway	  assembled	  pili,	   the	  Type	  1	  pili	   found	   in	  many	  E.	  
coli	   strains	   and	   P	   pili	   of	   uropathogenic	   E.	   coli	   (UPEC)	   associated	   with	   acute	  pyelonephritis	  are	  the	  best	  studied	  examples	  (Roberts	  et	  al.,	  1994).	  These	  are	  thick	  and	   rigid	   rods	   with	   a	   flexible	   tip	   fibrillum,	   which	   are	   made	   up	   of	   a	   number	   of	  different	   subunits	   and	   capped	   by	   an	   adhesin	   at	   the	   distal	   end	   of	   the	   tip	   that	  mediates	  direct	  interaction	  with	  human	  cells.	  For	  the	  P	  pilus,	  the	  rod	  is	  composed	  of	  repeating	   PapA	   subunits	   packed	   into	   a	   right-­‐handed	   helix,	   the	   tip	   fibrillum	   is	  comprised	   predominantly	   of	   PapE	   subunits,	   while	   the	   adhesin	   is	   PapG.	   PapG,	  mediates	  binding	  to	  Galα(1,4)Gal	  moieties	  present	  in	  the	  globoseries	  of	  glycolipids	  on	  uroepithelial	  cells	  (Roberts	  et	  al.,	  1994).	  There	  are	  also	  several	  minor	  subunits:	  PapH	   (located	   at	   the	   bottom	   of	   the	   rod	   and	   thought	   to	   signal	   the	   termination	   of	  assembly),	  PapK	  (that	  joins	  the	  fibrillum	  to	  the	  rod)	  and	  PapF	  (that	  joins	  the	  adhesin	  to	   the	  distal	  end	  of	   the	   fibrillum).	  Similarly,	   for	   type	  1	  pili,	   the	  rod	   is	  composed	  of	  repeating	  FimA	  subunits	   that	  are	  helically	  arranged,	   the	   tip	   fibrillum	   is	  comprised	  predominantly	  of	  FimG	  subunits,	  while	  the	  adhesin	  is	  FimH	  and	  mediates	  binding	  to	  mannose-­‐oligosaccharides.	  These	  are	  the	  most	  thoroughly	  studied	  pili	  assembled	  by	  the	  chaperone-­‐usher	  pathway.	  Other	  pili	  in	  this	  class	  might	  exhibit	  slightly	  different	  morphologies,	   such	   as	   the	   capsular	   F1	   antigen	   of	   Yersinia	   pestis	  which	   consist	   of	  thinner	  fibrils	  of	  a	  single	  polymerized	  subunit	  (Caf1),	  or	  the	  haemaglutinating	  pili	  of	  
Haemophilus	  influenzae	  which	  are	  more	  flexible	  rods	  that	  also	  exhibit	  a	  tip	  fibrillum	  capped	  by	  the	  adhesin	  HifE	  (Sauer	  et	  al.,	  2004,	  Waksman	  and	  Hultgren,	  2009).	  Of	  all	  of	  the	  pilus	  assembly	  mechanisms	  the	  chaperone-­‐usher	  pathway	  is	  by	  far	  the	  best	  understood	  on	  a	  molecular	   level,	  with	  3D	  structures	  available	   for	  most	  of	   the	  proteins	  involved	  in	  the	  assembly	  process	  (Waksman	  and	  Hultgren,	  2009).	  All	  of	  the	  genes	  necessary	  for	  pilus	  assembly	  and	  function	  are	  present	  within	  a	  single	  cluster	  such	  as	  the	  pap	  and	  fim	  clusters	  (Sauer	  et	  al.,	  2004).	  Apart	  from	  the	  major	  and	  minor	  pilus	  subunits,	  the	  assembly	  of	  these	  pili	  requires	  mainly	  two	  other	  proteins,	  namely	  a	   chaperone	   and	   an	   usher	   (Figure	   1.2).	   The	   assembly	  mechanism	   shows	   that	   the	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nascent	  pilus	  subunits	  that	  contain	  canonical	  signal	  peptides	  are	  translocated	  across	  the	  inner	  membrane	  by	  the	  Sec	  system.	  Subunits	  are	  then	  bound	  by	  the	  specialized	  PapD	   chaperone	   and	   found	   in	   the	   periplasmic	   space.	   In	   the	   absence	   of	   the	  chaperone	   the	   subunits	   aggregate,	   and	   are	   degraded	   by	   periplasmic	   proteases	  (Sauer	  et	  al.,	  2004).	  This	  is	  explained	  by	  the	  fact	  that	  all	  subunits	  are	  composed	  of	  a	  similar	  immunoglobulin-­‐like	  (Ig-­‐like)	  fold,	  which	  lacks	  the	  last	  strand	  leaving	  a	  deep	  hydrophobic	   groove	   on	   the	  pilin	   surface,	   this	   renders	   subunits	   unstable	   outside	   a	  chaperone-­‐subunit	  complex	  or	  the	  pilus.	  Chaperones,	  which	  are	  proteins	  composed	  of	  two	  Ig-­‐like	  domains	  that	  meet	  at	  a	  right	  angle,	  stabilize	  pilin	  subunits	  by	  donating	  the	   missing	   strand	   in	   trans	   during	   a	   process	   known	   as	   "donor-­‐strand	  complementation"	   (Vetsch	   et	   al.,	   2004,	   Bann	   et	   al.,	   2004,	  Waksman	   and	  Hultgren,	  2009).	   Once	   formed,	   the	   chaperone-­‐subunit	   complexes	   are	   targeted	   to	   the	   twin	  PapC	   ushers,	   outer	   membrane	   proteins	   that	   serve	   both	   as	   a	   pore	   for	   the	  translocation	  of	  the	  subunits	  to	  the	  surface	  and	  play	  an	  active	  role	  in	  pilus	  assembly	  (Remaut	  et	  al.,	  2008).	  Pilus	  assembly	  involves	  a	  similar	  principle	  of	  complementing	  the	  incomplete	  Ig-­‐fold	  of	  the	  pilins	  and	  proceeds	  through	  a	  "donor-­‐strand	  exchange"	  mechanism,	   during	   which	   an	   N-­‐terminal	   extension	   of	   an	   incoming	   pilus	   subunit	  inserts	  into	  the	  hydrophobic	  groove	  of	  an	  adjacent	  subunit	  (Remaut	  et	  al.,	  2008).	  	  The	   role	   of	   type	   1	   pili	   and	   P	   pili	   in	   pathogenicity	   is	  well	   documented.	   The	   initial	  attachment	  to	  the	  cells	  that	  is	  provided	  by	  the	  direct	   interaction	  of	  the	  tip	  adhesin	  and	  specific	  receptors	   is	  extremely	   important	  for	  the	  development	  of	  urinary	  tract	  infections	  (Sauer	  et	  al.,	  2002,	  Roberts	  et	  al.,	  1994).	  Bacterial	  attachment	  also	  seems	  to	  trigger	  bacterial	  and	  host	  cell-­‐signaling	  events	  that	  can	  influence	  the	  outcome	  of	  infection.	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Figure	   1.2	   Chaperone-­usher	   and	   nucleation-­precipitation	   pilus	   assembly	  
pathways.	  	  
(A)	  Biogenesis	  of	  P	  pili	  (left)	  and	  type	  I	  pili	  (right)	  by	  the	  chaperone-­‐usher	  pathway.	  Letters	   denote	   proteins	   from	   either	  pap	   (left)	   or	   fim	   (right)	   operons	   (Rego	   et	   al.,	  2010).	  (B)	  Biogenesis	  of	  curli	  pili	  by	   the	  nucleation-­‐precipitation	  pathway.	  Letters	  denote	   proteins	   expressed	   from	   the	   csgBAC	   and	   csgDEFG	   operons	   (Epstein	   and	  Chapman,	  2008).	  	  Finally,	  beside	  leading	  to	  the	  definition	  of	  key	  concepts	  in	  the	  field	  of	  pilus	  biology,	  P	  pili	  and	  type	  I	  pili	  have	  been	  very	  important	  as	  they	  provided	  proof	  of	  concept	  how	  studying	   pili	   could	   lead	   to	   the	   design	   of	   novel	   drugs	   that	   would,	   unlike	   classical	  antibiotics,	   function	   by	   targeting	   virulence	   factors.	   It	   was	   shown	   that	   rationally	  designed	  small	  compounds,	  a	  family	  of	  bicyclic	  2-­‐pyridones,	  could	  inhibit	  biogenesis	  of	   adhesive	   pili	   assembled	   by	   the	   chaperone-­‐usher	   pathway	   in	   Gram-­‐negative	  pathogens	   (Svensson	  et	   al.,	   2001,	  Pinkner	   et	   al.,	   2006,	   Chorell	   et	   al.,	   2010).	  These	  small	   compounds	   termed	   "pilicides"	   could	   reduce,	   by	   approximately	   90%,	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adherence	  to	  human	  cells	  and	  biofilm	  formation	  when	  compared	  to	  the	  WT	  strains.	  The	  structure	  of	  the	  pilicide	  bound	  to	  the	  P	  pilus	  chaperone	  PapD	  revealed	  that	  the	  pilicide	  functions	  by	  binding	  to	  the	  surface	  of	  the	  chaperone	  known	  to	  interact	  with	  the	   usher,	   the	   outer-­‐membrane	   assembly	   platform	   where	   pili	   are	   assembled	  (Pinkner	  et	  al.,	  2006).	  	  
1.1.2	  Extracellular	  nucleation-­precipitation	  pathway:	  the	  curli	  
Curli	  are	  thin,	  irregular	  and	  highly	  aggregated	  surface	  structures	  similar	  to	  amyloid	  fibres	  that	  appear	  on	  the	  cell	  surface	  of	  numerous	  enteric	  bacteria,	  including	  E.	  coli	  and	  Salmonella	  spp.	  (Olsen	  et	  al.,	  1989,	  Kline	  et	  al.,	  2009).	  Like	  the	  chaperone	  usher	  pili	  each	  of	  the	  proteins	  involved	  directly	  in	  curli	  pilus	  formation	  (CsgB,	  A,	  E,	  F	  and	  G)	  have	  putative	  Sec	  signal	  sequences,	  that	  target	  them	  for	  translocation	  across	  the	  inner	  membrane	  (Loferer	  et	  al.,	  1997,	  Robinson	  et	  al.,	  2006).	  In	  E.	  coli	  the	  pilus	  itself	  is	   composed	   of	   a	   single	   subunit,	   the	   curlin	   (CsgA),	   which	   is	   secreted	   in	   a	   sec-­‐dependant	  manner	   to	   the	   inner	  membrane	   and	  via	   a	  multimeric	   outer	  membrane	  pore	  (CsgG)	  to	  the	  extracellular	  milieu	  as	  a	  soluble	  protein	  (Robinson	  et	  al.,	  2006).	  The	  curlin	  then	  undergoes	  a	  state	  change	  when	  it	  interacts	  with	  a	  nucleator	  (CsgB)	  embedded	  in	  the	  outer	  membrane,	  forming	  insoluble	  amyloid	  fibres,	  these	  are	  sticky	  and	  highly	  stable	  (Figure	  1.2.B)	  (Hammer	  et	  al.,	  2007,	  Robinson	  et	  al.,	  2006,	  Epstein	  and	   Chapman,	   2008).	   The	   use	   of	   harsh	   treatments	   with	   90%	   formic	   acid	   was	  required	   to	   depolymerise	   these	   pili	   into	   their	   soluble	   subunits	   (Hammar	   et	   al.,	  1996).	  The	  CsgG	  pore	  is	  thought	  to	  play	  an	  important	  role	  in	  maintaining	  stability	  of	  the	  CsgA-­‐CsgB	  complex.	  Whilst	   the	  CsgE	  and	  CsgF	  proteins	   interact	  with	   the	  CsgG	  pore,	  and	  are	  normally	  required	  for	  the	  efficient	  production	  of	  curli.	  Although	  their	  role	   is	   not	   completely	   understood,	   they	   seem	   to	   be	   involved	   in	   fibre	   stability	   and	  possibly	   to	   mediate	   CsgG	   activity	   (Hammar	   et	   al.,	   1995,	   Chapman	   et	   al.,	   2002,	  Hammer	  et	  al.,	  2007,	  Loferer	  et	  al.,	  1997).	  Assembly	  is	  very	  different	  from	  any	  other	  type	  of	   pili	   as	   it	   occurs	  by	   the	  precipitation	  of	   secreted	   soluble	   subunits	   into	   thin	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fibers	  on	  the	  outer	  surface	  of	  bacteria	  (Figure	  1.2).	  Curli	  were	   initially	   described	   as	   they	  mediate	   binding	   to	   fibronectin,	  which	   could	  have	   implications	   for	   colonization	   of	   wounds	   and	   surfaces	   coated	   in	   fibronectin.	  	  (Olsen	  et	  al.,	  1989).	  They	  also	  seem	  to	  play	  an	  important	  role	  in	  biofilm	  formation	  in	  both	   E.	   coli	   and	   Salmonella	   species,	   allow	   adherence	   to	   host	   cells,	   as	   well	   as	   the	  attachment	   to	   and	   persistence	   on	   surfaces	   that	   often	   resist	   bacterial	   colonization,	  such	  as	  stainless	  steel	  and	  Teflon	  (Pawar	  et	  al.,	  2005,	  Ryu	  et	  al.,	  2004,	  Uhlich	  et	  al.,	  2002,	  Uhlich	  et	  al.,	  2006).	   It	  has	  also	  been	  shown	   for	  E.	  coli	  O157,	   that	  curli	   could	  play	  a	  role	  in	  the	  adhesion	  and	  colonization	  of	  plant	  leaves	  and	  roots	  (Berger	  et	  al.,	  2010).	   These	   latter	  points	   have	  been	  highlighted	   as	   it	   could	  have	   implications	   for	  the	  food	  industry,	  with	  regard	  to	  contamination	  of	  ready-­‐to-­‐eat	  foods	  (Austin	  et	  al.,	  1998,	  Proft	  and	  Baker,	  2009,	  Goulter	  et	  al.,	  2010).	  	  
1.1.3	  Pili	  in	  Gram	  positive	  bacteria	  Although	   pili	   of	   Gram	   positive	   bacteria	   were	   first	   detected	   in	   Corynebacterium	  
renale	   more	   than	   40	   years	   ago	   (Yanagawa	   et	   al.,	   1968),	   they	   have	   not	   been	  molecularly	   characterized	   until	   very	   recently	   when	   they	   were	   (re)discovered	   in	  
Corynebacterium	  diptheriae	   and	   the	   pathogenic	   Streptococci	   such	   as Streptococcus	  
pyogenes	   (group	   A	   Streptococcus	   (GAS)),	   Streptococcus	   agalactiae	   (group	   B	  
Streptococcus	  (GBS))	  and	  Streptococcus	  pneumoniae	  (Mora	  et	  al.,	  2005,	  Lauer	  et	  al.,	  2005,	  Rosini	  et	  al.,	  2006,	  Barocchi	  et	  al.,	  2006).	  Two	  pilus	  types	  have	  been	  detected	  by	  electron	  microscopy	  in	  Gram	  positive	  bacteria,	  70-­‐500	  nm	  long	  fibrils	  expressed	  by	   Streptococcus	   gordonii	   and	   Streptococcus	   oralis	   and	   3	   µm	   long	   flexible	   rods	  expressed	  by	   the	  Corynebacterium	   species	   and	  pathogenic	   Streptococci	   (Telford	   et	  al.,	  2006).	  	  These	  latter	  pili	  are	  very	  different	  from	  those	  described	  in	  Gram	  negative	  bacteria,	  in	  both	  their	  structure	  and	  assembly	  mechanisms.	  Unlike	  in	  Gram	  negative	  bacteria,	   pili	   in	   Gram	   positive	   pathogens	   are	   formed	   by	   covalent	   interactions	  between	  adjacent	  pilin	  subunits.	  With	  regard	  to	  the	  Streptococci	  at	   least,	  all	  of	   the	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genes	  that	  encode	  the	  pilus	  proteins	  and	  the	  sortases	  that	  are	  required	  for	  the	  pilus	  assembly	   are	   clustered	   in	   a	   putative	   operon	   in	   a	   pathogenicity	   island,	   which	   is	  organized	   in	   the	   same	   way	   in	   each	   species.	   This	   would	   suggest	   that	   these	   pilus	  systems	   have	   been	   acquired	   en	   bloc	   by	   horizontal	   gene	   transfer	   of	   the	   island	  (Telford	  et	  al.,	  2006).	  	  Common	  features	  of	  all	  the	  pilus	  structural	  subunits	  (of	  which	  there	  are	  3,	  one	  is	  the	  main	   structural	   component	   whilst	   the	   other	   two	   are	   ancillary)	   are;	   i)	   an	   LPXTG	  amino-­‐acid	   motif	   (or	   a	   variant	   thereof)	   found	   in	   all	   of	   these	   pilins,	   which	   is	   the	  target	   sequence	   for	   the	   sortases	   that	   catalyse	   their	   covalent	   attachment	   to	   each	  other	   and	   the	   cell	   wall,	   (Ton-­‐That	   and	   Schneewind,	   2003).	   ii)	   a	   pilin	   motif,	  WXXXVXVYPKN,	  that	  is	  found	  in	  most	  pilin	  subunits,	  and	  	  is	  thought	  to	  play	  a	  role	  in	  polymerization	   of	   the	   fibre	   (Yamaguchi	   and	   Matsunoshita,	   2004,	   Telford	   et	   al.,	  2006).	  iii)	  An	  E	  box	  that	  lies	  between	  the	  two	  other	  motifs,	  named	  this	  way	  due	  to	  a	  conserved	  glutamate	  residue,	  and	  is	  thought	  to	  play	  a	  role	  in	  sortase	  specificity	  for	  pilus	   subunits	   (Ton-­‐That	   et	   al.,	   2004,	   Telford	   et	   al.,	   2006).	   Studies	   undertaken	  mainly	   in	   Corynebacterium	   diptheriae	   have	   uncovered	   a	   four-­‐step	   model	   for	   the	  assembly	  of	  these	  pili.	  The	  first	  step	  consists	  of	  Sec-­‐dependant	  translocation	  of	  the	  pilus	  components	  across	  the	  cell	  membrane.	  At	  this	  point	  each	  component	  remains	  attached	  to	  cell	  membrane	  by	  a	  membrane-­‐spanning	  C-­‐terminal	  domain.	  The	  second	  step	   is	   a	   sortase-­‐dependant	   cleavage	   of	   the	   subunit	   between	   the	   threonine	   and	  glycine	  residues	  of	  the	  LPXTG	  motif.	  This	  results	  in	  the	  formation	  of	  an	  acyl-­‐enzyme	  intermediate	   (which	   remains	   bound	   to	   the	   membrane),	   which	   has	   a	   covalent	  thioester	  bond	  between	  the	  thiol	  group	  of	  a	  cysteine	  in	  the	  sortase	  and	  the	  carboxyl	  group	   of	   the	   pilin	   threonine.	   The	   third	   step	   of	   the	   assembly	   process	   involves	   the	  oligomerization	   of	   the	   pilin	   proteins,	   this	   requires	   the	   nucleophilic	   attack	   of	   the	  thioester	  bond	  that	   links	   the	   threonine	  residue	  of	   the	  pilin	  subunit	   to	   the	  cysteine	  residue	  of	  the	  sortase,	  and	  is	  provided	  by	  ε-­‐amino	  group	  of	  the	  lysine	  residue	  in	  the	  pilin	  motif	  present	  in	  the	  N-­‐terminal	  domain	  of	  another	  subunit.	  This	  is	  repeated	  to	  oligomerize	   the	  pilus,	  with	   new	   subunits	   added	   to	   the	   base	   of	   the	   structure.	   	   The	  fourth	  and	  final	  step	  is	  the	  attachment	  of	  the	  now	  oligomerized	  pilus	  to	  the	  cell	  wall,	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which	   is	  completed	  by	  another	  nucleophilic	  attack	  reaction	  by	   the	  amino	  group	  of	  the	   pentapeptide	   of	   the	   peptidoglycan	   precursor	   lipid	   II.	   This	   results	   in	   the	  formation	  of	  an	  amide	  bond	  between	  the	  basal	  subunit	  and	  the	  cell	  wall.	  This	  leads	  to	   the	   formation	   of	   a	   membrane-­‐bound,	   covalently	   linked	   pilus	   (Ton-­‐That	   and	  Schneewind,	  2003,	  Telford	  et	  al.,	  2006).	  Interestingly,	   it	   has	   been	   recently	   discovered	   that	   Gram	   positive	   bacteria	   such	   as	  
Ruminococcus	  albus	  and	  Clostridium	  perfringens	  (Rakotoarivonina	  et	  al.,	  2002,	  Varga	  et	  al.,	  2006)	  express	  Tfp	   that	  are	  usually	   found	   in	  Gram	  negative	  bacteria	  and	  are	  described	  in	  detail	  below.	  	  
1.2	  Type	  IV	  pili	  Tfp,	  which	  are	  the	  focus	  of	  my	  thesis,	  are	  the	  most	  widespread	  pili	  in	  nature	  and	  will	  be	  introduced	  in	  more	  detail	  in	  this	  section.	  	  
1.2.1	   Tfp	   prevalence,	   associated	   functions	   and	   bacterial	   models	   in	  
which	  they	  have	  been	  studied	  	  
1.2.1.1	  Tfp	  are	  widespread	  Unlike	  most	  of	  the	  above	  pili	  which	  are	  found	  in	  a	  few	  related	  species,	  Tfp	  have	  been	  found	   in	   numerous	   diverse	   species	   and	   are	   possibly	   the	   most	   widespread	  colonization	   factors	   in	   the	   bacterial	   world.	   Although	   the	   greatest	   number	   of	   Tfp-­‐expressing	  bacteria	  belong	   to	  Proteobacteria,	   these	  organelles	  have	  been	   found	   in	  organisms	   as	   diverse	   as	  Nostoc	   sp.	   (Cyanobacteria),	  Deinococcus	   geothermalis	  and	  
Thermus	   thermophilus	   (Deinococcus-­‐Thermus)	   and	   the	   Gram	   positive	   Firmicutes	  mentioned	  above.	  Tfp	  are	  thus	  the	  only	  pilus	  type	  found	  in	  both	  Gram	  negative	  and	  Gram	  positive	  bacteria	  (Pelicic,	  2008).	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Tfp	   have	   been	   extensively	   studied	   because	   many	   pathogenic	   and	   opportunistic	  bacteria	   that	   cause	  disease	   in	   humans	  use	   these	   organelles	   to	   colonize	   their	   host.	  Examples	   include	   enteropathogenic	   and	   enterohaemmorhagic	   Escherichia	   coli	  (EPEC	   and	   EHEC	   O157:H7),	   pathogenic	   Neisseria	   species	   (N.	   gonorrheae	   and	   N.	  
meningitidis),	  Vibrio	  cholerae	  and	  Pseudomonas	  aeruginosa.	  
	  
1.2.1.2	  Tfp	  are	  multifunctional	  organelles	  A	   remarkable	   feature	   of	   Tfp	   when	   compared	   to	   other	   pili	   is	   their	   capacity	   to	  promote	  several	  unrelated	  functions	  that	  are	  outlined	  below.	  These	  multifunctional	  abilities	  make	  Tfp	  even	  more	  interesting	  to	  study.	  Like	  the	  other	  pili,	  a	  primary	  role	  of	  Tfp	  is	  to	  promote	  adhesion	  to	  a	  wide	  variety	  of	  surfaces,	   both	   biotic	   and	   abiotic.	   However,	   Tfp-­‐mediated	   adhesion	   to	   host	   cells	   is	  peculiar	   as	   it	   progresses	   through	   the	   formation	   of	   three-­‐dimensional	   bacterial	  microcolonies	   (or	   aggregates)	   on	   the	   surface	   of	   infected	   cells.	   This	   is	   known	   as	  initial	  or	  localized	  adhesion	  and	  is	  followed	  by	  dispersal	  of	  the	  aggregates	  and	  more	  intimate	   adhesion	   as	   shown	   in	   N.	   meningitidis	   (Pujol	   et	   al.,	   1997).	   Therefore,	   as	  could	  be	  expected,	  adhesion	  is	  closely	  linked	  to	  the	  formation	  of	  bacterial	  aggregates	  in	  culture,	  which	  is	  another	  Tfp-­‐mediated	  property,	  as	  a	  reduced	  propensity	  to	  form	  aggregates	   in	   culture	   is	   usually	   accompanied	   by	   reduced	   adherence/colonization.	  Therefore,	   it	   is	  unclear	  whether	  Tfp	  play	  mostly	  a	  direct	  role	   in	  adherence	  (as	   the	  other	   types	   of	   pili	   described	   above),	   whether	   they	   increase	   adhesion	   mainly	   by	  mediating	   inter-­‐bacterial	   interactions	   or	   whether	   both	   phenotypes	   are	   equally	  important	  (Chiang	  et	  al.,	  1995,	  Park	  et	  al.,	  2001).	  It	  should	  be	  noted	  that	  aggregation	  is	  also	  involved	  in	  the	  formation	  of	   large	  structured	  biofilms	  that	  allow	  bacteria	  to	  co-­‐operate	  in	  order	  to	  survive	  environmental	  stresses	  (O'Toole	  et	  al.,	  2000).	  Tfp	   mediate	   competence	   for	   DNA	   transformation	   in	   some	   bacteria,	   notably	   the	  pathogenic	   Neisseria	   species	   that	   are	   naturally	   competent.	   Naturally	   competent	  bacteria	  have	  the	  ability	  to	  take	  up	  DNA	  from	  their	  environment	  via	  transformation,	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integrate	   it	   into	   their	   genome	   to	   express	   different	   genes,	   eg.	   antibiotic	   resistance	  genes,	   improving	   their	   overall	   fitness.	   Unlike	   the	   well-­‐studied	   competence	  model	  organism	  B.	  subtilis,	  and	  other	  competent	  Gram	  negative	  bacteria,	  Neisseria	  species	  are	  competent	  for	  DNA	  transformation	  throughout	  their	  lifecycle	  as	  long	  as	  they	  are	  piliated	   (Lang	   et	   al.,	   2009).	  Neisseria	   species	   take	   up	   DNA	   in	   a	   sequence	   specific	  manner,	  utilizing	  a	  specific	  DNA	  uptake	  sequence	  or	  DUS.	  This	  short	  sequence	  of	  10	  or	  12	  bp	  (5’	  ATGCCGTCTGAA	  3’,	  the	  underlined	  bases	  are	  only	  present	  in	  the	  12	  bp	  DUS)	  is	  frequently	  dispersed	  throughout	  the	  meningococcal	  genome	  (Goodman	  and	  Scocca,	  1988,	  Ambur	  et	  al.,	  2007,	  Elkins	  et	  al.,	  1991).	  Moreover,	  Tfp	  also	  mediate	  a	  non-­‐flagellar	  form	  of	   locomotion	  over	  moist	  surfaces	  known	   as	   twitching	   motility,	   also	   known	   as	   social	   gliding	   motility	   in	  Myxococcus	  
xanthus.	   This	   term	   derived	   from	   the	   observation	   that	   bacteria	   in	   suspension	  appeared	  to	  move	  in	  a	  jerky	  fashion,	  which	  resembled	  twitching.	  This	  is	  important	  in	  host	  colonization	  by	  a	  wide	  range	  of	  plant	  and	  animal	  pathogens	  and	  is	  thought	  to	  be	  a	  means	  of	   rapid	  colonization	  of	  new	  surfaces	   (Mattick,	  2002).	  These	   functions	  are,	   at	   least	   in	   part	   possible,	   because	   Tfp	   may	   retracted.	   This	   is	   an	   uncommon	  property	   that	   is	   shared	   by	   F	   pili,	   which	   play	   a	   role	   in	   conjugation	   (Novotny	   and	  Fives-­‐Taylor,	   1974,	   Harris	   and	   Silverman,	   2004).	   Pilus	   retraction,	  which	  was	   first	  deduced	  from	  bacteriophage	  sensitivity/resistance	  studies	  in	  P.	  aeruginosa	  (Bradley	  and	  Pitt,	  1974),	  was	  demonstrated	  experimentally	  using	  laser	  tweezers	  (Merz	  et	  al.,	  2000).	   Retraction,	   which	   is	   thought	   to	   occur	   upon	   disassembly	   of	   the	   pilus,	  generates	   remarkable	   forces	   exceeding	   100pN,	   making	   Tfp	   the	   strongest	   linear	  motors	  characterized	  in	  bacteria	  so	  far	  (Maier	  et	  al.,	  2002).	  	  
1.2.1.3	  Bacterial	  models	  for	  studying	  of	  Tfp	  Although	   they	  have	  been	  characterized	   to	   some	  extent	   in	  many	  different	  bacterial	  species,	  notably	  for	  their	  role	  in	  pathogenicity,	  more	  in-­‐depth	  studies	  of	  Tfp	  has	  so	  far	   been	   limited	   to	   a	   few	   organisms.	   These	   are	   mainly	   Gram	   negative	   human	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pathogens	  that	  cause	  significant	  morbidity	  and	  mortality	  worldwide.	  Below	  is	  some	  background	   information	   concerning	   the	   five	   bacterial	   species	   from	  which	  most	   of	  our	  understanding	  of	  Tfp	  biology	  derives.	  
	  
P.	  aeruginosa	  
P.	   aeruginosa	   has	   been	   a	  major	  model	   for	   the	   study	   of	   Tfp	   for	  more	   than	   twenty	  years,	  its	  PAK	  pilus	  being	  one	  of	  the	  best	  studied.	  P.	  aeruginosa,	  which	  belongs	  to	  the	  γ	  Proteobacterial	  lineage,	  is	  an	  opportunistic	  pathogen	  causing	  a	  variety	  of	  ailments	  mainly	   in	   immunocompromised	   hosts,	   such	   as	   human	   immunodeficiency	   virus	  (HIV)	   and	   cystic	   fibrosis	   (CF)	   sufferers,	   and	   burn	   victims	   (Manfredi	   et	   al.,	   2000,	  Woods	  et	  al.,	   1980,	  Govan	  and	  Deretic,	  1996,	  Pruitt	   et	   al.,	   1998).	  This	  organism	   is	  especially	   associated	   with	   pulmonary	   infections,	   where	   colonization	   of	   the	   upper	  respiratory	   tract	   is	   critical	   for	   pathogenesis.	   Tfp	   play	   an	   important	   role	   in	   the	  virulence	   of	   P.	   aeruginosa.	   They	   are	   thought	   to	   be	   important	   in	   the	   initial	  attachment	  of	  this	  organism	  to	  the	  epithelial	  mucosa,	  as	  was	  shown	  by	  Woods	  and	  colleagues	   (1980).	   The	   study	   of	   the	   role	   of	   Tfp	   in	   acute	   pulmonary	   infection	   in	   a	  mouse	  model	  showed	  that	  non-­‐piliated	  organisms	  were	  less	  likely	  to	  be	  associated	  with	   severe	   diffuse	   pneumonia	   than	   piliated	   organisms.	   Although	   infection	   still	  occurred	   it	   was	   in	   the	   form	   of	   less	   severe,	   focal	   pneumonia.	   The	   progression	   of	  disease	  was	  also	  slower	   than	   that	  of	   the	  piliated	  organisms,	  and	  resulted	   in	   lower	  death	  rates	  (Tang	  et	  al.,	  1995).	  	  	  
N.	  gonorrhoeae	  
N.	  gonorrhoeae,	  a	  β-­‐Proteobacterium,	  is	  the	  aetological	  agent	  of	  gonorrhea,	  a	  disease	  transmitted	   by	   sexual	   contact.	   It	   is	   an	   obligate	   pathogen	   whose	   only	   known	  reservoir	   is	   the	   human	   host	   (Merz	   and	   So,	   2000).	   Gonorrhea	   is	   a	   very	   frequent	  infection,	  being	  the	  second	  most	  commonly	  reported	  bacterial	  sexually	  transmitted	  disease	  in	  both	  the	  USA	  and	  the	  UK,	  second	  only	  to	  Chlamydia	   infections	  (CDC	  and	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HPA).	  This	  bacterium	  primarily	  infects	  the	  mucosal	  epithelial	  cells	  of	  the	  urethra	  (in	  males)	   or	   the	   uterine	   cervix	   (in	   females),	   although	   it	   may	   also	   grow	   in	   the	   eyes,	  mouth,	   throat	  and	  anus	  (Merz	  and	  So,	  2000).	  The	  Tfp	  of	  N.	  gonorrhoeae	  have	   long	  been	  associated	  with	  the	  attachment	  of	  this	  bacterium	  to	  human	  cells.	  Their	  role	  in	  adherence	  to	  host	  cells	  has	  been	  shown	  experimentally	  using	  amnion	  tissue	  culture	  cells,	   vaginal	   epithelial	   cells,	   fallopian	   tube	   epithelium	   and	   buccal	   epithelial	   cells	  (Swanson,	  1973,	  Mardh	  and	  Westtom,	  1976,	  Heckels,	  1989).	  Tfp	  are	  also	  thought	  to	  mediate	   the	   dispersion	   of	  N.	   gonorrhoeae	   over	   the	   epithelial	   cells	   away	   from	   the	  initial	  site	  of	  infection	  by	  twitching	  motility,	  thus	  facilitating	  persistent	  colonization	  of	   the	  host.	   In	  a	  human	  challenge	  model,	  a	  non-­‐piliated	  mutant	  could	  still	  colonize	  the	   male	   urethra,	   but	   caused	   milder	   infection	   than	   the	   corresponding	   wild-­‐type	  (WT)	  strain	  (Cohen	  and	  Cannon,	  1999).	  Therefore	  Tfp	  play	  a	  role	  in	  virulence,	  even	  though	  they	  are	  not	  essential	  for	  colonization	  per	  se	  (Merz	  and	  So,	  2000,	  Nassif	  et	  al.,	  1999).	  Study	  of	  the	  gonococcal	  Tfp	  has	  been	  extremely	  important	  in	  the	  field,	  e.g.	  the	  pilin	   of	   this	   organism	   was	   the	   first	   to	   have	   its	   3D	   structure	   solved	   (Parge	   et	   al.,	  1995).	  	  
N.	  meningitidis	  	  The	   other	   human	   pathogen	   in	   the	   Neisseria	   genus	   is	   N.	   meningitidis.	   It	   is	   often	  referred	   to	   as	   the	  meningococcus	   due	   to	   its	   association	  with	  meningitis.	   The	   first	  well	   documented	   description	   of	   meningococcal	   meningitis	   came	   in	   1806	   by	  Vieusseux	  who	  described	  an	  epidemic	  that	  killed	  33	  people	  and	  was	  described	  as	  a	  "spotted	  fever",	  symptoms	  of	  which	  consisted	  of	  a	   fierce	  headache,	  high	  fever,	  and	  meningitis	   (swelling	   of	   the	   meninges	   membranes	   of	   the	   brain).	   Bacteria	   in	   the	  cerebrospinal	   fluid	   (CSF)	   of	   patients	   with	   meningitis	   were	   first	   observed	   by	  Marchiafava	  and	  Celli	  in	  1884,	  however	  it	  was	  another,	  Weischelbaum	  in	  1887	  who	  first	   isolated	   the	  meningococcus	   from	   the	   CSF	   of	   six	   fatal	   cases	   of	  meningococcal	  infection,	   and	  named	   the	  organism	  Diplococcus	   intracellularis	  meningitidis	   (Frosch	  and	  Maiden,	  2006).	  However,	  the	  species	  was	  renamed	  N.	  meningitidis	  following	  the	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characterization	   of	   the	   closely	   related	  Neisseria	   gonorrhoeae	   by	   Albert	   Neisser	   in	  1979	  (Kampmeier,	  1978).	  
N.	   meningitidis	   is	   a	   Gram	   negative	   obligate	   aerobe	   diplococcus,	   of	   the	   β-­‐proteobacterial	   lineage	  and	  a	  member	  of	   the	  Neisseriacae	  bacterial	   family.	  Like	  N.	  
gonorrhoeae	  the	  only	  known	  habitat	  of	  N.	  meningitidis	  are	  humans,	  it	  is	  a	  facultative	  commensal	   of	   the	  human	  nasopharynx	  with	  3-­‐30%	  of	   any	  given	  population	  being	  colonized	  asymptomatically	  (carriage	  in	  general	  is	  an	  immunizing	  process	  resulting	  in	   a	   systemic	   protective	   antibody	   response	   (Stephens,	   1999,	   Rosenstein	   et	   al.,	  2001)).	   Meningococci	   are	   transmitted	   from	   host	   to	   host	   via	   droplets	   and	   adhere	  specifically	   to	   the	   nonciliated	   columnar	   epithelial	   cells	   of	   the	   nasopharynx	  (Stephens	  et	  al.,	  1983).	  However,	   upon	   entry	   into	   the	   bloodstream,	   this	   organism	   has	   the	   propensity	   to	  cause	  debilitating	  and	  often	  fatal	  diseases	  (van	  Deuren	  et	  al.,	  2000).	  This	  in	  part	   is	  because	   it	   is	   capable	   of	   avoiding	   complement-­‐mediated	   lysis	   as	   it	   produces	   a	  polysaccharide	   capsule.	   Common	   invasive	   meningococcal	   diseases	   include	  septicaemia	   (which	  sometimes	  can	  be	   fulminant)	  and,	  upon	  crossing	  of	   the	  blood-­‐brain	  barrier	  (BBB),	  meningitis	  (swelling	  of	  the	  meninges	  membranes	  of	  the	  brain).	  In	   addition,	   the	  meningococcus	   also	   can	   cause	   a	   variety	   of	   other	   diseases	   such	   as	  pneumonia,	   conjunctivitis	   and	   pericarditis	   (Slack,	   2003).	   It	   is	   the	   most	   common	  causative	  agent	  of	  bacterial	  meningitis	  in	  the	  UK	  and	  causes	  50%	  of	  reported	  cases	  worldwide.	  Meningococcal	  meningitis	   is	   associated	  with	   significant	  morbidity	   and	  mortality,	  being	  reponsible	  for	  an	  estimated	  171,000	  deaths	  each	  year	  (Rosenstein	  et	  al.,	  2001,	  Tzanakaki	  and	  Mastrantonio,	  2007).	  Although	  there	  are	  13	  serogroups	  of	   N.	   meningitidis	   based	   on	   structural	   and	   immunological	   differences	   of	   their	  capsular	  polysaccharide	  (A,	  B,	  C,	  E-­‐29,	  H,	  I,	  K,	  L,	  M,	  W-­‐135,	  X,	  Y	  and	  Z),	  the	  majority	  of	  meningococcal	  infections	  is	  caused	  by	  strains	  belonging	  to	  six	  serogroups	  only	  (A,	  B,	  C,	  W-­‐135,	  X	  and	  Y)	  (Stephens	  et	  al.,	  2007).	  Tfp	  are	  key	  for	  colonization	  and	  persistence	  in	  the	  nasopharynx,	  the	  meningococcal	  primary	   niche.	   They	   notably	   play	   an	   important	   role	   in	   mediating	   adherence	   of	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encapsulated	   bacteria	   to	   epithelial	   and	   endothelial	   cells	   when	   other	   outer-­‐membrane	   adhesins	   are	   shielded	   by	   the	   capsule	   (Nassif	   et	   al.,	   1994,	   Nassif	   et	   al.,	  1997,	  Virji	  et	  al.,	  1991).	  Similarly	  to	  N.	  gonorrhoeae	  the	  meningococcus	  is	  thought	  to	  utilize	  Tfp	  to	  disseminate	  by	  twitching	  motility,	  before	  piliation	  is	  lost	  and	  intimate	  attachment	  may	  occur	  (Pujol	  et	  al.,	  1999).	  Finally,	  the	  Tfp-­‐mediated	  interaction	  and	  crossing	   of	   the	   blood-­‐brain	   barrier	   by	   this	   pathogen	   is	   essential	   in	   the	   onset	   of	  meningitis	  (Pron	  et	  al.,	  1997,	  Nassif	  et	  al.,	  1999,	  Coureuil	  et	  al.,	  2009).	  Tfp	  are	  also	  likely	  to	  be	  implicated	  in	  adhesion	  to	  blood	  vessels	  as	  they	  allow	  for	  a	  tight	  adhesion	  under	  flow	  as	  shown	  in	  a	  laminar	  flow	  setup	  (Mairey	  et	  al.,	  2006).	  	  	  Enteropathogenic	  E.	  coli	  (EPEC)	  EPEC	   is	  a	  common	  cause	  of	   infantile	  diarrhoea	   in	  developing	  countries,	   colonizing	  the	  upper	  small	  intestine	  (Chart,	  2003).	  Tfp	  in	  this	  organism	  are	  known	  as	  bundle-­‐forming	   pili	   (BFP)	   and	   have	   been	   extensively	   studied.	   BFP	   have	   been	  unambiguously	  shown	  to	  be	  required	  for	  pathogenesis	  in	  human	  volunteers.	  A	  non-­‐piliated	   mutant	   in	   the	   pilin/bundlin	   gene	   (bfpA),	   displayed	   a	   lack	   of	   localized	  adherence	   with	   a	   significantly	   attenuated	   virulence,	   who	   presented	   with	  significantly	   less	  diarrhoea	  than	  those	  infected	  with	  the	  piliated	  WT	  strain	  (Bieber	  et	   al.,	   1998).	   This	   study	   also	   confirmed	   the	   above	   mentioned	   close	   link	   between	  adhesion	  and	  formation	  of	  bacterial	  aggregates.	  A	  mutant	  in	  the	  bfpF	  gene	  encoding	  a	  nucleotide-­‐binding	  protein	  which	  leads	  to	  an	  increase	  in	  piliation	  and	  aggregation	  enhanced	   localized	   adherence.	   However,	   although	   the	   bfpF	   mutant	   colonizes	   the	  human	  intestine,	  the	  abolished	  dispersal	  of	  the	  micro-­‐colonies	  on	  cells	  observed	  in	  this	  mutant	  made	   it	  about	  200-­‐fold	   less	  virulent	   than	   the	  WT	  strain	   (Bieber	  et	  al.,	  1998).	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V.	  cholerae	  
V.	  cholerae	  is	  commonly	  found	  in	  aquatic	  environments	  and	  is	  the	  causative	  agent	  of	  cholera.	   Cholera,	   which	   is	   one	   of	   the	   most	   common	   infectious	   diseases	   in	   the	  developing	   world,	   mainly	   because	   there	   is	   a	   lack	   of	   safe	   drinking	   water,	   always	  starts	   after	   the	   ingestion	   of	  V.	   cholerae	   from	   contaminated	  water	   (Madigan	   et	   al.,	  2006).	   Tfp	   in	   this	   species	   are	   known	   as	   toxin	   co-­‐regulated	   pili	   (TCP)	   have	   been	  shown	  to	  be	  necessary	  for	  colonization	  of	  the	  small	  intestine,	  which	  is	  essential	  for	  
V.	   cholerae	   pathogenicity	   (Herrington	   et	   al.,	   1988,	   Tacket	   et	   al.,	   1998).	   In	   this	  species,	  it	  is	  thought	  that	  TCP	  are	  mainly	  if	  not	  only	  involved	  in	  enhancing	  the	  initial	  attachment	   caused	   by	   other	   adhesion	   factors	   by	   promoting	   the	   production	   of	  microcolonies	  on	  the	  cells	  and	  thus	  improving	  persistence	  (Kirn	  et	  al.,	  2000).	  
	  
1.2.2	  Tfp	  morphological	  and	  structural	  characteristics	  
	  
1.2.2.1	  Tfp	  morphology	  Originally	   like	   other	   pili,	   the	   type	   IV	   class	   of	   pili	   was	   defined	   by	   morphological	  characteristics	   of	   the	   corresponding	   organelles	   as	   determined	   by	   electron	  microscopy	   (see	   Figure	   1.1).	   Tfp	   are	   long	   (up	   to	   several	   µm),	   thin	   (50-­‐80	   Å	   in	  diameter),	  strong	  and	  flexible	  filaments	  that	  often	  interact	  laterally	  to	  form	  bundles	  (see	  Figure	  1.1).	  They	  primarily	  consist	  of	  polymerized	  pilin	  subunits	  that	  protrude	  through	  the	  outer	  membrane	  (Craig	  et	  al.,	  2004,	  Mattick,	  2002).	  	  
	  
1.2.2.2	  Pilin	  features	  The	   original	   morphological	   classification	   has	   been	   ratified	   in	   recent	   years	   as	   it	  became	   clear	   that	   pilin	   subunits	   of	   Tfp	   in	   different	   organisms	   share	   amino	   acid	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sequence	  similarity	  and	  common	  structural	  characteristics	  (Strom	  and	  Lory,	  1993,	  Craig	   et	   al.,	   2004).	   The	   pilin	   protein,	   which	   is	   the	   major	   pilus	   constituent,	   is	  understandably	   the	  most	   studied	   and	   best	   characterized	  molecule	   in	   Tfp	   biology.	  The	   pilin	   subunits	   themselves	   although	   they	   vary	   in	   length	   and	   exhibit	   very	  different	  sequence,	  are	  always	  produced	  as	  precursors	  called	  prepilins	  that	  contain	  a	  conserved	  N-­‐terminal	  motif	  of	  about	  24	  residues	  (Figure	  1.3.A).	  This	  motif	  starts	  with	   a	   hydrophilic	   leader	   peptide	   consisting	   generally	   of	   5	   to	   10	   residues	   and	  ending	   with	   a	   glycine.	   The	   first	   20	   residues	   of	   the	   mature	   protein	   are	   highly	  hydrophobic	  including	  the	  N-­‐terminal	  residue,	  which	  is	  generally	  a	  phenylalanine	  or	  a	   methionine	   that	   is	   methylated.	   The	   fifth	   residue	   of	   the	   mature	   sequence	   is	   a	  glutamate,	  which	  is	  important	  for	  the	  maturation	  process.	  	  This	  motif	  is	  also	  found	  in	  other	  pilin-­‐like	  proteins	  (FimU	  and	  FimT	  of	  P.	  aeruginosa)	  and	  minor	  pilins	   (PilX	  of	  N.	  meningitidis	   and	  ComP	  of	  N.	  gonorrhoeae)	   (Strom	  and	  Lory,	  1993,	  Hélaine	  et	  al.,	  2005,	  Alm	  and	  Mattick,	  1996,	  Wolfgang	  et	  al.,	  1999).	  This	  N-­‐terminal	   motif,	   that	   resembles	   a	   signal	   peptide,	   allows	   prepilin	   translocation	  across	   the	   inner	   membrane	   by	   the	   Sec	   system,	   as	   described	   recently	   for	   the	  prepilins	  of	  the	  type	  II	  secretion	  pathway	  (Arts	  et	  al.,	  2007,	  Francetic	  et	  al.,	  2007).	  It	  also	   allows	   maturation	   of	   the	   prepilins	   that	   remain	   embedded	   in	   the	   inner	  membrane	   by	   a	   dedicated	   inner	  membrane	   enzyme	   called	   the	   prepilin	   peptidase	  (Nunn	  and	  Lory,	  1991,	  Strom	  et	  al.,	   1993b).	  The	  cleavage	  of	   the	   short	  hydrophilic	  leader	   peptide	   is	   absolutely	   required	   for	   the	   assembly	   of	   the	   pilus	   to	   occur.	   In	  addition,	  this	  enzyme	  also	  methylates	  the	  first	  amino	  acid	  of	  the	  mature	  pilin	  but	  the	  functional	  significance	  of	  this	  is	  unknown.	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Figure	  1.3	  Distinctive	  features	  of	  type	  IV	  pilins.	  	  
(A)	   Consensus	   sequence	   for	   the	   N-­‐terminal	   motif	   found	   in	   all	   pilins.	   The	   arrow,	  following	   the	   G	   (Glycine),	   shows	   the	   cleavage	   site	   by	   prepilin	   peptidase.	   (B)	  Structural	  alignment	  of	  Tfpa	  pilins	  GC	  and	  PAK,	  and	  Tfpb	  pilins	  TcpA	  and	  BfpA.	  The	  white	  regions	  show	  the	  relative	   lengths	  of	   signal	  peptides,	   the	  green	  and	  magenta	  regions	  show	  the	  positions	  of	  the	  αβ-­‐loop	  and	  D-­‐region	  respectively.	  The	  blue,	  green	  and	   red	   bar	   at	   the	   top	   of	   the	   alignments	   show	   the	   degree	   of	   variability,	   blue	  representing	   the	   conserved	   regions,	   green	   the	   variable	   and	   red	   the	   hypervariable	  regions.	  Adapted	  from	  Craig,	  et	  al.	  (2004)	  and	  Craig	  and	  Li	  (2008).	  	  	  Two	  sub-­‐classes	  of	  Tfp	  exist,	  these	  are	  the	  Type	  IVa	  (Tfpa)	  and	  Type	  IVb	  (Tfpb)	  pili,	  which	  are	  defined	  based	  on	  the	  overall	  lengths	  of	  their	  constituent	  pilins	  and	  of	  their	  respective	  leader	  peptides	  (Figure	  1.3.B).	  Type	  IVa	  prepilins	  contain	  shorter	  leader	  peptides	  (5-­‐6	  amino	  acids)	  and	  the	  mature	  proteins	  are	  around	  150-­‐160	  residues.	  In	  contrast,	   type	   IVb	   prepilins	   have	   longer	   leader	   peptides	   (15-­‐30)	   and	   the	   mature	  proteins	   are	   longer	   than	   Tfpa	   pilins	   at	   approximately	   180-­‐200	   amino	   acids	   long.	  However,	   there	   are	   exceptions	   such	   as	   the	   relatively	   recently	   described	   Flp	  (Fimbrial	  low	  molecular-­‐weight	  protein)	  family	  of	  Tfp,	  which	  have	  been	  found	  in	  a	  variety	  of	  organisms	  such	  as	  Actinobacillus	  actinomycetemocomitans	  that	  infects	  the	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gums,	  as	  well	  as	  a	  non-­‐pathogen,	  Caulobacter	  crescentus	  (Skerker	  and	  Shapiro,	  2000,	  Kachlany	  et	  al.,	  2001,	  Tomich	  et	  al.,	  2007).	  Flp	  pilins,	  which	  are	  classified	  as	  Tfpb,	  are	  extremely	  short	  at	  50-­‐80	  amino	  acids.	  An	  N-­‐methylated	  N-­‐terminal	  amino	  acid	  is	  conserved	  in	  both	  groups	  (an	  exception	  being	  Flp),	  however	  whilst	  the	  first	  amino	  acid	   in	  mature	  Tfpa	  pilins	   is	  phenylalanine	  the	  first	  residue	  in	  Tfpb	  pilins	   is	  either	  methionine,	  leucine,	  isoleucine	  or	  valine	  (Craig	  et	  al.,	  2004,	  Kachlany	  et	  al.,	  2001).	  Interestingly,	  although	  these	  2	  classes	  of	  pili	  are	  closely	  related,	  there	  are	  important	  differences	   between	   Tfpa	   and	   Tfpb.	  While	   Tfpa	   are	   expressed	   by	   a	  wide	   range	   of	  bacteria	  from	  the	  pathogenic	  Neisseria,	  to	  P.	  aeruginosa	  and	  Clostridium	  perfringens,	  Tfpb	  are	  mostly	  found	  to	  be	  expressed	  by	  bacteria	  that	  colonize	  the	  human	  intestine	  such	   as	   V.	   cholerae,	   enteropathogenic	   E.	   coli	   (EPEC)	   and	   enterotoxigenic	   E.	   coli	  (ETEC)	   (Craig	   et	   al.,	   2004,	   Pelicic,	   2008).	   Moreover,	   the	   machineries	   used	   to	  assemble	  Tfpa	  are	  more	  closely	  related	  than	  the	  machineries	  used	  to	  express	  Tfpb	  (Pelicic,	  2008).	  An	  interesting	  finding	  is	  that	  while	  Tfpa	  pilins	  may	  be	  assembled	  by	  other	  genetic	  backgrounds,	  this	  kind	  of	  gene	  substitution	  is	  not	  possible	  in	  the	  case	  of	  Tfpb	  pilins	  as	  was	  shown	  when	  the	  TcpA	  pilin	  of	  V.	  cholerae	  was	  expressed	  in	  a	  
bfpA	   mutant	   of	   EPEC	   (Winther-­‐Larsen	   et	   al.,	   2007,	   McNamara	   and	   Donnenberg,	  2000).	  
	  
1.2.2.3	  3D	  structure	  of	  pilins	  and	  Tfp	  In	   the	   last	   two	   decades	   strides	   have	   been	  made	   in	   uncovering	   the	   3-­‐Dimensional	  structures	  of	  pilins,	  which	  has	  greatly	   improved	  our	  knowledge	  of	  Tfp	  biology.	  To	  date	   the	   structures	   of	   two	   full	   length	   pilins	   have	   been	   solved	   by	   X-­‐ray	  crystallography,	   the	  GC	  pilin	   (PilE)	  of	  N.	  gonorrhoeae	   (Parge	  et	   al.,	   1995),	   and	   the	  PAK	   pilin	   (PilA)	   of	   P.	   aeruginosa	   (Craig	   et	   al.,	   2003).	   In	   parallel,	   the	   structure	   a	  number	   of	   truncated	   pilins,	   without	   the	   initial	   almost	   entirely	   hydrophobic	   N-­‐terminal	   residues	   (~28	   amino	   acids),	   have	   been	   solved	   by	   crystallography	   or	  nuclear	   magnetic	   resonance	   spectroscopy	   (NMR)	   (Craig	   et	   al.,	   2004).	   Despite	   an	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apparent	   lack	  of	   sequence	   similarity	   (any	   similarity	   is	   limited	   to	   the	   above	  motif)	  the	   pilin	   structure	   of	   different	   organisms	   all	   have	   a	   common	   architecture,	   with	   a	  "ladle-­‐shaped"	  structure	  (Figure	  1.4)	  consisting	  of	  a	  long	  N-­‐terminal	  α-­‐helical	  spine	  that	  is	  attached	  to	  a	  globular	  head.	  
	  
Figure	  1.4	  Typical	  3D	  structure	  of	  a	  type	  IV	  pilin:	  example	  of	  the	  N.	  gonorrheae	  
pilin	  displayed	  by	  RIBBONS.	  	  The	  N-­‐terminal	  α-­‐helix,	  with	  its	  α1-­‐N	  and	  α1-­‐C	  halves,	  is	  shown	  here	  in	  blue.	  The	  C-­‐terminal	   globular	   region	   consists	   of	   the	   αβ-­‐loop	   (red),	   a	   central	   four-­‐fold	   anti-­‐parallel	  β-­‐sheet	   (green),	   the	  β2-­‐β3	  connector	   (magenta)	  and	   the	  D-­‐region	  (yellow).	  From	  Parge,	  et	  al.	  (1995).	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The	   α-­‐helical	   spine	   of	   the	   protein	   may	   be	   further	   split	   into	   two	   halves;	   the	   N-­‐terminal	   region	   (α1-­‐N),	  which	   is	   exposed,	   consists	   of	   the	   above	  mainly	   conserved	  and	   primarily	   hydrophobic	   motif,	   whilst	   the	   C-­‐terminal	   region	   (α1-­‐C),	   which	   is	  amphipathic,	   is	   buried	   in	   the	   globular	   head	   domain	   (Craig	   et	   al.,	   2004).	   α1-­‐N	   is	  crucial	  for	  subunit	  packing	  into	  the	  pilus	  fibre.	  It	  provides	  hydrophobic	  surfaces	  that	  allow	  strong	  subunit-­‐subunit	  interactions,	  forming	  the	  hydrophobic	  core	  of	  Tfp,	  and	  resulting	  in	  the	  production	  of	  strong	  and	  flexible	  pilus	  fibres	  (Craig	  et	  al.,	  2004).	  The	  globular	  head	  domain	  of	  the	  pilin	  that	  forms	  the	  surface	  of	  the	  Tfp	  fibre	  has	  two	  main	   structural	  parts,	   a	   conserved	   structural	   core	   and	  variable	   edges,	  which	  have	  significant	   variability	   in	   length,	   sequence	   and	   structure	   in	   various	   pilins	   (Figure	  1.4).	  The	  conserved	  structural	  core	  consists	  of	  the	  α-­‐1C	  helix	  that	  is	  cradled	  against	  a	  four-­‐stranded	  anti-­‐parallel	  β-­‐sheet.	  The	  orientation	  of	  the	  β-­‐sheets	  to	  the	  α-­‐helix	  is	  similar	   for	   GC,	   PAK	   and	   TcpA	   pilins.	   However	   there	   is	   a	   slight	   difference	   in	   the	  K122-­‐4	  pilin,	  as	  the	  angle	  of	  the	  β-­‐sheet	  in	  relation	  to	  α-­‐1	  is	  larger	  when	  compared	  to	   the	  others.	  The	  conserved	  core	   is	   thought	   to	  be	   the	  scaffold	   for	   the	  structurally	  variable	  edges	  of	  pilins	  (Craig	  et	  al.,	  2004).	  There	  are	  two	  variable	  edges,	  an	  αβ-­‐loop	  and	   a	   disulphide-­‐bridged	   or	   D-­‐region.	   The	   αβ-­‐loop	   is	   the	   link	   between	   the	   N-­‐terminal	   α-­‐helix	   and	   the	   first	   of	   the	   four	   anti-­‐parallel	   β-­‐sheets.	   The	   D-­‐region	   is	  linked	  to	  the	  last	  of	  the	  four	  anti-­‐parallel	  β-­‐sheets	  in	  the	  conserved	  structural	  core.	  The	   C-­‐terminal	   disulphide	   bond	   that	   delimits	   this	   region,	   is	   found	   in	   most	   pilins	  although	   this	   is	   not	   the	   case	   for	   XcpT,	   PulG	   and	   possibly	   other	   Type	   II	   secretion	  system	   pseudopilins	   (Strom	   and	   Lory,	   1993,	   Craig	   et	   al.,	   2004,	   Alphonse	   et	   al.,	  2010),	   has	   been	   shown	   to	   be	   essential	   for	   Tfp	   assembly	   (Craig	   et	   al.,	   2004).	   The	  length	   of	   this	   D-­‐region	   varies	   greatly,	   with	   the	   Tfpb	   pilins	   containing	   longer	   D-­‐regions	  compared	  to	  Tfpa	  pilins	  (~55	  and	  ~22	  amino	  acids	  respectively).	  Two	  unusual	  post-­‐translational	  modifications	  are	  apparent	   in	   the	  Neisserial	   pilins,	  these	  are	  an	  O-­‐glycosylation	  of	  the	  Ser63	  and	  a	  phosphorylation	  of	  Ser68	  (Forest	  et	  al.,	   1999,	   Jennings	   et	   al.,	   1998).	   In	   recent	   times	   further	   post-­‐translational	  modifications,	   such	  as	   the	  addition	  of	  phosphocholine	  or	  phosphoetholamine	  have	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been	  observed	  for	  some	  alternate	  antigenic	  forms	  of	  GC	  pilin	  (Hegge	  et	  al.,	  2004).	  An	  alternative	   form	  of	  pilin	  glycosylation	  by	  a	  glyceramido-­‐acetamido-­‐trideoxyhexose	  residue	  has	   also	  been	   characterized	   for	  Neisseria	   spp.	  pilins	   (Chamot-­‐Rooke	  et	   al.,	  2007)	  The	   roles	   of	   these	  modifications	   are	   still	   to	   be	   understood,	   but	   it	   has	   been	  predicted	   that	   they	   could	   be	   involved	   in	   disguising	   the	   bacteria	   from	   the	   host’s	  immune	  system	  by	  altering	  their	  surface	  epitopes	  (Parge	  et	  al.,	  1995,	  Chamot-­‐Rooke	  et	  al.,	  2007).	  Although	  the	  molecular	  mechanisms	  of	  pilin	  assembly	  into	  the	  pilus	  fibre	  remain	  to	  be	  fully	  understood,	  the	  solving	  of	  a	  number	  of	  pilin	  3D	  structures	  led	  to	  molecular	  models	   for	   fibre	   assembly	   (Craig	   et	   al.,	   2004).	   Molecular	   models	   using	   electron	  microscopy	   (EM)	  methods	   and	   hydrogen/deuterium	   exchange	  mass	   spectrometry	  (DXMS)	  of	  both	  Tfpa	  and	  Tfpb	  have	  arisen	  and	  agree	  that	  a	  helical	  arrangement	  of	  pilins	   is	   common	   (Figure	  1.5).	  Although	   there	  might	  be	  different	  numbers	  of	  pilin	  subunits	   per	   turn,	   the	   hydrophobic	   core	   of	   the	   fibre	   always	   consists	   of	   the	   N-­‐terminal	  regions	  of	  pilins	  interacting	  in	  a	  helical	  arrangement.	  This	  gives	  the	  fibre	  its	  great	  mechanical	  strength	  and	  flexibility	  that	  is	  important	  for	  Tfp	  functionality.	  The	  globular	  head	  domains	  of	  the	  pilins	  face	  outward	  and	  some	  of	  the	  more	  conserved	  regions	   are	   embedded	   in	   the	   fibre	   and	   participate	   in	   inter-­‐pilin	   interactions.	  Importantly,	   the	   variable	   αβ-­‐loop	   and	  D	   regions	   are	   exposed	   to	   the	   environment.	  These	  regions	   thus	  play	  a	  key	  role	   in	  modulating	  Tfp-­‐mediated	   functions	  by	  being	  involved	  in	  inter-­‐pilus	  interactions,	  which	  may	  allow	  the	  characteristic	  formation	  of	  bundles,	  as	  well	  as	  by	  providing	  surface	  variation	  that	  give	   the	  pilus	   its	  specificity	  for	  ligand	  binding	  (Parge	  et	  al.,	  1995,	  Craig	  et	  al.,	  2003,	  Craig	  et	  al.,	  2004).	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Figure	  1.5	  3D	  models	  of	  Tfp	  fibre.	  	  
(A)	  N.	  gonorrhoeae	  pilus,	  CryoEM-­‐based	  model.	  (B)	  EPEC	  BFP,	  EM-­‐based	  model.	  (C)	  
V.	  cholerae	  TCP	  model,	  DXMS	  and	  EM-­‐based	  reconstruction.	  The	  outlined	  regions	  in	  each	  model	  show	  an	  individual	  pilin	  subunit	  (from	  Craig	  and	  Li,	  2008).	  	  
1.2.3.	  Tfp	  biogenesis	  The	  biogenesis	  of	  Tfp	   is	   a	   complex,	  multi-­‐step	  process	   that	   requires	   a	   large	   set	  of	  proteins.	   To	   understand	   the	   molecular	   mechanisms	   of	   this	   process	   it	   was	   first	  important	   to	   identify	   the	   proteins	   involved	   in	   each	   system	   and	   determine	   their	  function.	   This	   process	   has	   been	   completed	   in	   a	   number	   of	   studies	   that	   will	   be	  described	  in	  the	  following	  section.	  As	  the	  nomenclature	  for	  Tfp	  genes	  is	  not	  unified	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in	   the	   different	   organisms,	   I	   will	   use	   the	  N.	  meningitidis	   nomenclature	   for	   clarity	  unless	  otherwise	  indicated.	  
	  
1.2.3.1	  Tfp	  biogenesis	  requires	  a	  large	  set	  of	  conserved	  proteins	  Proteins	   that	   are	   "essential"	   for	   Tfp	   biogenesis	   are	   defined	   as	   those	   in	   whose	  absence	   there	   is	   no	   piliation,	   hence	  mutants	   in	   the	   corresponding	   genes	   are	   non-­‐piliated.	   Systematic	   genetic	   studies	   in	   some	   of	   the	  mentioned	  model	   species	   have	  defined	  the	  entire	  sets	  of	  genes	  involved	  in	  Tfp	  biogenesis.	  These	  studies	  have	  been	  carried	   out	   both	   in	   Tfpa	   models	   P.	   aeruginosa	   (Alm	   and	   Mattick,	   1997)	   and	   N.	  
meningitidis	   (Carbonnelle	   et	   al.,	   2005),	   and	   in	   Tfpb	   models	   for	   the	   BFP	   of	   EPEC	  (Ramer	  et	  al.,	  2002)	  and	  the	  TCP	  of	  V.	  cholerae	  (Kirn	  et	  al.,	  2003).	  Another	  important	  study	  concerned	  the	  R64	  thin	  pilus	  of	  E.	  coli	   that	  also	  expresses	  Tfpb	  required	   for	  conjugation	   in	   liquid	   culture	   (Yoshida	   et	   al.,	   1999).	   Some	   of	   the	   genes	   identified,	  notably	  in	  P.	  aeruginosa,	  form	  complex	  regulatory	  systems	  of	  Tfp	  biogenesis	  and	  are	  not	  involved	  in	  Tfp	  assembly	  per	  se.	  From	  these	  studies	  it	  was	  noted	  that	  at	  least	  10	  proteins	  were	   involved	   in	   Tfp	   biogenesis	   in	  V.	   cholerae,	   and	   up	   to	   18	   proteins	   in	  	  	  	  	  	  	  
P.	  aeruginosa	  (Table	  1.1).	  Therefore,	  despite	  being	  relatively	  simple	  fibres	  consisting	  mainly	  of	  many	  copies	  of	  one	  protein,	  a	   surprisingly	   large	  number	  of	  proteins	  are	  required	  to	  form	  Tfp,	  which	  is	  a	  complex	  biological	  system.	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Table	  1.1	  List	  and	  main	  features	  of	  proteins	  involved	  in	  Tfp	  biogenesis	  and	  
type	  II	  secretion	  in	  various	  model	  species.	  	  Listed	  here	  are	  the	  common	  proteins	  involved	  in	  Tfp	  biology	  in	  various	  organisms	  as	   well	   as	   homologous	   proteins	   in	   the	   Type	   II	   secretion	   pathway	   and	   archaeal	  flagellum	  biogenesis	  machineries.	  Adapted	  from	  (Craig	  and	  Li,	  2008,	  Peabody	  et	  al.,	  2003,	  Carbonnelle	  et	  al.,	  2006).	  	  













Type	  IVa	  pili	   	   	   	   	   	   	  
P.	  aeruginosa	   PilA,	  PilE	   PilV,	  FimU	   PilD	   PilB	   PilC	   PilQ	  
N.	  gonorrhoeae	   PilE	   PilH,	  I,	  J,	  K	   PilD	   PilF	   PilG	   PilQ	  
N.	  meningitidis	   PilE	   PilH,	  I,	  J,	  K	   PilD	   PilF	   PilG	   PilQ	  
Type	  IVb	  pili	   	   	   	   	   	   	  
Vibrio	  cholerae	   TcpA,	  MshA	   	   TcpJ	   TcpT	   TcpE	   TcpC	  EPEC	   BfpA	   	   BfpP	   BfpD	   BfpE	   BfpB	  Type	  II	  Secretiona	   PulG	   	   PulO	   PulE	   PulF	   PulD	  Archaeal	  flagellumb	   FlaB1,	  FlaB2	   	   FlaK	   FlaI	   FlaJ	   -­‐	  	  
a	   The	   Pul	   nomenclature	   makes	   reference	   to	   the	   Pullulanase	   type	   II	   secretion	  components	  of	  Klebsiella	  pneumoniae,	  however	  the	  fourth	  letter	  in	  each	  may	  also	  be	  seen	  in	  Gsp	  unifying	  nomenclature	  for	  Type	  II	  secretion.	  b	   The	   Fla	   nomenclature	   makes	   reference	   to	   those	   used	   for	  Methanococcus	   voltae	  flagellum	  and	  other	  archaeal	  flagella.	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A	  number	  of	  proteins	   identified	   in	   these	  studies	  display	  some	  sequence	  homology	  and	   could	   be	   thought	   of	   as	   "core"	   proteins	   for	   biogenesis	   due	   to	   their	   ubiquity	  (Table	   1.1).	   This	   further	   underlines	   the	   similarities	   between	   these	   differerent	   Tfp	  systems.	   These	   core	   proteins	   include	   the	   following:	   i)	   A	   pilin	   (PilE)	   and	   several	  other	  prepilin	  like-­‐proteins	  (PilH,	  I,	  J	  and	  K	  in	  N.	  meningitidis),	  which	  although	  they	  are	  very	  variable	  in	  different	  species	  all	  contain	  the	  highly	  distinctive	  conserved	  N-­‐terminal	   motif	   described	   above	   (see	   Figure	   1.3).	   ii)	   A	   prepilin	   peptidase	   (PilD)	  which	  is	  essential	  for	  the	  cleavage	  and	  N-­‐methylation	  of	  the	  prepilins	  and	  prepilin-­‐like	  proteins	   that	   is	  a	  pre-­‐requisite	   for	  pilus	   fibre	   formation.	   iii)	  An	  "assembly"	  or	  "traffic"	  ATPase	  (PilF)	  which	  provides	  the	  energy	  necessary	  for	  pilus	  assembly.	  iv)	  A	  polytopic	   inner	  membrane	  protein	   (PilG)	  which	   is	  extremely	  well	   conserved	   in	  all	  systems,	  however	  its	  function	  remains	  mysterious.	  v)	  A	  secretin	  (PilQ),	  which	  is	  the	  outer	   membrane	   protein	   that	   allows	   the	   pilus	   fibre	   to	   emerge	   from	   the	   cell	   by	  forming	   a	   multimeric	   channel	   consisting	   of	   12-­‐14	   subunits	   (Collins	   et	   al.,	   2001,	  Collins	  et	  al.,	  2004).	  This	  last	  protein	  is	  not	  found	  in	  the	  peculiar	  Gram	  positive	  Tfp	  systems	  as	  they	  lack	  an	  outer	  membrane	  (Mattick,	  2002,	  Craig	  et	  al.,	  2004,	  Craig	  and	  Li,	  2008,	  Carbonnelle	  et	  al.,	  2006,	  Peabody	  et	  al.,	  2003,	  Pelicic,	  2008).	  Interestingly,	   all	   of	   these	   proteins	   also	   showed	   striking	   homology	   to	   proteins	  involved	   in	   type	   II	   secretion	   (T2S)	   (Table	   1.1).	   T2S	   is	   a	   widespread	   system	   that	  mediates	  the	  transport	  of	  folded	  proteins,	  often	  having	  a	  role	  in	  virulence,	  through	  the	  outer	  membrane	  of	  many	  Gram	  negative	  bacteria.	  These	  similarities	  have	  led	  to	  a	  molecular	  model	  based	  on	  Tfp	  biology	  to	  explain	  how	  T2S	  functions	  (Figure	  1.6).	  Proteins	   to	  be	   exported	   in	   the	  outer	  milieu	   are	   first	   translocated	  across	   the	   inner	  membrane	   via	   the	   Sec	   system	   and	   pushed	   through	   the	   pore	   formed	   by	   the	  homomultimeric	  secretin	  (GspD)	  in	  the	  outer	  membrane	  by	  an	  extending	  pilus-­‐like	  structure	  formed	  by	  pilus-­‐like	  proteins	  which	  is	  assembled	  using	  energy	  derived	  by	  an	  inner	  membrane	  ATPase	  (GspE)	  (Sandkvist,	  2001).	  This	  elusive	  structure,	  that	  is	  called	  a	  "pseudopilus",	  can	  be	  visualized	  when	  the	  system	  is	  genetically	  engineered	  to	  overexpress	  the	  most	  abundant	  pseudopilin	  (Sauvonnet	  et	  al.,	  2000,	  Vignon	  et	  al.,	  2003,	  Durand	  et	  al.,	  2003).	  It	  has	  been	  conclusively	  shown	  that	  the	  T2S	  pseudopilins	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are	  transported	  to	  the	  inner	  membrane	  in	  a	  Sec-­‐dependent	  manner,	  this	  has	  given	  insight	   for	  Tfp	   system	  prepilin	   transport	   (Arts	   et	   al.,	   2007,	   Francetic	   et	   al.,	   2007).	  The	  processing	  of	  both	  pre-­‐pseudopilins	  and	  prepilins	  are	  completed	  using	  specific	  prepilin	  peptidase	  (GspO	  or	  PilD).	  Fascinatingly	  with	  regard	  to	  the	  Xcp	  T2S	  system	  and	  Tfp	  of	  P.	  aeruginosa	  the	  prepilin	  peptidase	  is	  shared	  by	  both	  systems	  (Nunn	  and	  Lory,	   1991,	   Strom	   et	   al.,	   1993b,	  Nunn	   and	   Lory,	   1993).	   This	   along	  with	   the	   other	  homologous	  proteins	  mentioned	  above,	  such	  as	  the	  assembly	  ATPase	  and	  secretin,	  further	  link	  these	  two	  processes.	  
	  
Figure	  1.6	  Schematic	  of	  the	  Type	  II	  Secretion	  System	  Cartoon	  to	  show	  the	  steps	  of	  Type	  II	  secretion	  of	  folded	  proteins	  across	  the	  bacterial	  cell	  envelope.	  This	  schematic	  uses	  the	  unifying	  Gsp	  nomenclature	  and	  displays	  the	  proteins	  involved	  that	  are	  homologous	  to	  those	  involved	  in	  Type	  IV	  pilus	  biogenesis	  as	  indicated	  in	  Table	  1.1.	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Homologs	  of	  some	  of	  these	  core	  proteins	  are	  also	  found	  in	  the	  biogenesis	  systems	  of	  archaeal	  flagellum	  (Fla)	  and	  filamentous	  phages.	  The	  presence	  of	  these	  proteins	  in	  all	  these	  very	  different	  systems	  suggests	  that	  these	  may	  share	  a	  common	  ancestry.	  This	   is	   possible	   as	   all	   these	   biological	   systems	   are	   variations	   on	   the	   theme	   of	  transporting	   macromolecular	   proteins	   through	   the	   outer	   membrane	   of	   Gram	  negative	  bacteria	  and	  into	  the	  environment	  (Peabody	  et	  al.,	  2003,	  Nunn,	  1999).	  
	  
1.2.3.2	  Genomic	  organization	  of	  Tfp	  biogenesis	  genes	  Studies	   in	   Tfpa	   models	   P.	   aeruginosa	   and	   N.	   meningitidis	   showed	   that	   the	  overwhelming	  majority	  of	  Tfp	  biogenesis	  genes	  are	  highly	  conserved	  with	  regard	  to	  their	  presence	  and	  genomic	  organization	  (Pelicic,	  2008).	  Rare	  differences	  between	  these	   two	   distantly	   related	   Proteobacteria	   (γ	   and	   β	   respectively)	   included	   the	  genomic	  organization	  of	   some	  pil	   genes,	   these	   include	   the	  pilin,	  pilE	   gene,	  and	   the	  
pilC	   genes	   (named	   pilY1	   in	   P.	   aeruginosa).	   The	   increasing	   number	   of	   sequenced	  bacterial	   genomes	   in	   the	  databases	  has	  made	   it	   possible	   to	  determine	   the	   genetic	  organization	   of	   Tfp-­‐related	   genes	   in	   various	   organisms	   (Pelicic,	   2008),	   which	  underlined	  the	  above	  similarity	  between	  organisms	  expressing	  Tfpa.	  Although	  Tfpa	  biogenesis	   genes	   are	   commonly	   scattered	   throughout	   the	   genome	   (the	   only	  exception	   being	   the	   Gram	   positive	   Tfp-­‐expressing	   bacteria),	   they	   are	   always	  conserved	   and	   often	   flanked	   by	   mainly	   housekeeping	   genes	   (Pelicic,	   2008).	   For	  example,	  the	  pilMNOPQ	  gene	  cluster	  is	  almost	  invariably	  flanked	  by	  the	  same	  genes,	  
ponA	   (the	  gene	  coding	   for	  Penicillin	  binding	  protein	  1)	  and	  aroK	   (the	  gene	  coding	  for	   shikimate	  kinase).	  This	  was	   also	   the	   case	   for	  pilW	   and	   the	  pilFDG	   cluster.	   It	   is	  also	  apparent	  that	  the	  pilin-­‐like	  genes	  required	  for	  Tfp	  biogenesis	  are	  also	  clustered,	  although	   it	   should	  be	  noted	   that	  not	   all	   proteins	   containing	   the	  prepilin	  motif	   are	  required	  for	  Tfp	  biogenesis,	  as	  is	  the	  case	  for	  PilX,	  ComP	  and	  PilV	  of	  N.	  meningitidis	  or	  FimT	  of	  P.	  aeruginosa	  (Carbonnelle	  et	  al.,	  2005,	  Alm	  and	  Mattick,	  1996).	  The	  roles	  of	   these	   in	   Tfp	   biology	   will	   be	   discussed	   in	   the	   next	   section	   (chapter	   1.2.4).	   The	  prevalence	   of	   almost	   conserved	   gene	   sets	   in	  many	   sequenced	   genomes,	   including	  
	   	  
	   	  48	  
many	  species	   in	  which	  type	  IV	  pili	  have	  not	  been	  recorded	  yet,	   indicates	  that	  Tfpa	  could	  be	  even	  more	  widespread	  than	  previously	  thought	  (Pelicic,	  2008).	  There	  were	  very	  few	  differences	  between	  the	  genetic	  studies	  in	  P.	  aeruginosa	  and	  N.	  
meningitidis.	   An	   interesting	   difference	   was	   that	   two	   proteins	   that	   play	   essential	  roles	   in	   Tfp	   biogenesis	   in	  P.	   aeruginosa	   play	   no	   such	   roles	   in	  N.	  meningitidis.	   The	  first	   a	   small	   protein	   named	   PilZ,	   which	   is	   dispensable	   for	   Tfp	   biogenesis	   in	   N.	  
meningitidis	   (the	   corresponding	   mutant	   is	   piliated)	   (Carbonnelle	   et	   al.,	   2005),	   is	  essential	  for	  piliation	  in	  P.	  aeruginosa	  where	  a	  pilZ	  mutant	  is	  non-­‐piliated	  (Alm	  et	  al.,	  1996a).	  Interestingly,	  the	  N.	  meningitidis	  pilZ	  mutant	  has	  abnormal	  phenotypes	  with	  regard	  to	  Tfp-­‐related	  functions,	  which	  will	  be	  discussed	  further	  later	  on	  in	  the	  text.	  The	   second	  protein	   that	   seems	  only	   to	  play	   a	   role	   in	  P.	   aeruginosa	   Tfp	  biogenesis	  PilY2	  has	  yet	  to	  be	  found	  in	  any	  other	  bacterial	  genome	  sequenced	  to	  date	  (Alm	  et	  al.,	  1996b).	  This	  suggests	  that	  "en	  bloc"	  extrapolation	  of	  results	  from	  one	  species	  to	  another	  could	  be	  misleading.	  Studies	   in	  Tfpb	  models	  EPEC	  and	  V.	  cholerae	   led	  to	  a	  quite	  different	  picture	  as	  the	  Tfp	   biogenesis	   genes	   were	   fewer	   (between	   10	   and	   12),	   less	   conserved	   and	   their	  genetic	  organizations	  was	  totally	  different	  from	  what	  is	  observed	  in	  Tfpa	  expressing	  organisms.	   These	   genes	   are	   invariably	   clustered	   and	   often	   form	   large	   operons.	  Furthermore,	  with	   the	   exception	  of	   the	  ubiquitous	   core	  proteins	  described	   above,	  the	   other	   Tfpb	   biogenesis	   proteins	   show	   little	   or	   no	   conservation	   in	   other	   Tfpb	  systems	  (the	  only	  exception	  being	  the	  Flp	  family	  of	  Tfpb	  where	  the	  biogenesis	  genes	  are	  conserved	  "en	  bloc"	  in	  A.	  actinomycetecomitans	  and	  C.	  crescentus	  (Kachlany	  et	  al.,	  2001,	   Tomich	   et	   al.,	   2007))	   or	   the	   above	   models	   expressing	   Tfpa.	   This	   gene	  clustering,	   although	  making	   it	  more	   challenging	   to	  perform	  genetic	   studies	  due	   to	  the	  increase	  in	  the	  likelihood	  of	  polar	  effects,	  has	  permitted	  the	  transfer	  of	  genes	  as	  a	  whole	  set	  into	  non-­‐piliated	  donor	  strains	  and	  demonstration	  that	  these	  genes	  are	  necessary	   and	   sufficient	   for	  Tfp	   biogenesis	   (Sohel	   et	   al.,	   1996,	   Stone	   et	   al.,	   1996).	  This	  has	  yet	  to	  be	  replicated	  for	  Tfpa.	  Moreover,	  this	  clustering	  has	  suggested	  that	  the	  corresponding	  genes	  are	  part	  of	  pathogenicity	  islands	  such	  as	  for	  TCP.	  However,	  suggestions	   that	   this	   pathogenicity	   island	   might	   be	   a	   filamentous	   phage	   in	   V.	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cholerae	  (Karaolis	  et	  al.,	  1999)	  are	  controversial,	  and	  not	  fully	  accepted	  in	  the	  field	  (Faruque	  et	  al.,	  2003).	  However,	  it	  should	  be	  noted	  that	  this	  potential	  mobility	  has	  not	  led	  to	  the	  widespread	  dispersion	  of	  Tfpb.	  These	   features	   of	   the	   Tfpa	   and	   Tfpb	   systems	   indicate	   that	   although	   they	  undoubtedly	   share	   a	   common	   ancestral	   origin,	   they	   seem	   to	   have	   evolved	   along	  different	  paths.	  The	  lack	  of	  similarities	  of	  so-­‐called	  non-­‐core	  proteins	  (30	  to	  50%	  of	  the	  total	  number	  of	  tfp	  biogenesis	  proteins	  (Pelicic,	  2008))	  between	  the	  two	  groups,	  and	  also	  between	  different	  Tfpb-­‐expressing	  strains	  themselves	  (not	  including	  Flp)	  is	  telling.	  This	  complicates	  the	  development	  of	  a	  unifying	  model	  for	  Tfp	  biogenesis.	  	  
1.2.3.3	  Molecular	  mechanisms	  for	  Tfp	  biogenesis	  One	   of	   the	   most	   important	   questions	   in	   Tfp	   biology	   still	   remains:	   How	   are	   Tfp	  assembled?	  Despite	   numerous	   years	   of	   study	   our	   understanding	   of	   this	   biological	  process	  is	  partial	  at	  best.	  However,	  the	  following	  scenario	  can	  be	  proposed	  for	  Tfp	  biogenesis	  (Figure	  1.7).	  Most	  of	  these	  steps	  involved	  are	  largely	  agreed	  upon.	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Figure	  1.7	  Model	  for	  Tfp	  biogenesis.	  	  
(A)	  Four-­‐step	  model	  of	  Tfp	  biogenesis	  proposed	  in	  N.	  meningitidis	  (Carbonnelle,	  et	  al.,	  2006).	  (B)	  Cartoon	  for	  the	  various	  steps	  of	  Tfp	  biogenesis.	  	  Prepilin	  transport	  and	  processing	  As	  I	  have	  already	  indicated	  for	  the	  T2S	  system,	  transport	  of	  the	  pseudopilins	  across	  the	   inner	  membrane	  occurs	   in	  a	  Sec-­‐dependent	  manner,	   a	   similar	  pathway	   is	  also	  expected	  to	  be	  used	  for	  prepilins	  and	  prepilin-­‐like	  proteins	  although	  this	  has	  yet	  to	  be	  shown	  experimentally	  (Arts	  et	  al.,	  2007,	  Francetic	  et	  al.,	  2007).	  This	  translocation	  leaves	   the	   prepilin	   spanning	   the	   inner	  membrane,	   the	   hydrophobic	  N-­‐terminal	   α-­‐helical	   tail	   embedded	   in	   the	  membrane,	  whilst	   the	   globular	   head	   region	   is	   in	   the	  periplasm,	   and	   the	   hydrophilic	   leader	   peptide	   in	   the	   cytoplasm	   (Strom	   and	   Lory,	  1987).	  This	  orientation	  allows	  the	  bifunctional	  prepilin	  peptidase	  (PilD),	  which	  is	  a	  polytopic	  inner	  membrane	  protein,	  to	  cleave	  the	  leader	  peptide	  of	  the	  prepilins.	  As	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well	  as	   removing	   the	   leader	  peptide,	  PilD	  N-­methylates	   the	   first	  amino	  acid	  of	   the	  mature	  protein	  (Nunn	  and	  Lory,	  1991,	  Strom	  et	  al.,	  1993b).	  The	  two	  functions	  were	  shown	   to	   be	   separable	   in	   vitro	   and	   N-­‐methylation	   was	   actually	   shown	   to	   be	  dispensable	   for	   fibre	   production	   and	   function	   in	   P.	   aeruginosa.	   However,	   it	   was	  suggested	   that	   the	   modification	   may	   play	   some	   unknown	   role	   in	   its	   natural	  environment	  (Pepe	  and	  Lory,	  1998).	  Analysis	  in	  P.	  aeruginosa	  showed	  that	  the	  only	  prepilin	  residue	  that	  was	  required	  for	  processing	  was	  that	  of	  the	  conserved	  Glycine	  at	   -­‐1	   position	   compared	   to	   the	   cleavage	   site	   (see	   Figure	   1.3).	   Another	   conserved	  residue,	  the	  Glutamate	  at	  position	  +5	  is	  dispensable	  for	  this	  cleavage,	  however	  it	  is	  required	  for	  pilus	  assembly	  (Strom	  and	  Lory,	  1991).	  The	  molecular	  mechanism	  for	  the	   pilin	   processing	   by	   PilD	   is	   as	   yet	   not	   understood.	   Initial	   studies	   to	   define	   the	  active	  site	  of	  PilD	  focused	  upon	  the	  N-­‐terminal	  cytoplasmic	  region	  of	  the	  protein	  due	  to	  mainly	   conserved	  Cysteine	   residues	   (Strom	  et	   al.,	   1993a,	  Rawlings	   and	  Barrett,	  1994),	  however,	  this	  feature	  is	  not	  present	  in	  all	  Tfp	  systems	  and	  is	  actually	  lacking	  in	   the	   prepilin	   peptidase	   of	   Flp.	   Later	   studies	   have	   shown	   that	   two	   aspartate	  residues	   that	   seem	   to	   be	   conserved	   in	   the	   C-­‐terminal	   loop	   (predicted	   to	   be	  cytoplasmic)	  of	  all	  prepilin	  peptidases	  are	  critical	  for	  cleavage,	  as	  in	  the	  absence	  of	  either	   the	   protein	   was	   non-­‐functional	   (LaPointe	   and	   Taylor,	   2000).	   This	   finding	  showed	   the	   prepilin	   peptidases	   are	   members	   of	   a	   novel	   family	   of	   aspartic	   acid	  proteases.	  	  Assembly	  of	  the	  Tfp	  The	   actual	   process	   of	   assembling	   the	   mature	   pilin	   subunits	   into	   the	   helical	   fibre	  remains	  largely	  enigmatic.	  Some	  aspects	  are	  however	  agreed	  upon,	  assembly	  of	  Tfp	  requires	  energy	  produced	  by	  a	  core	  traffic	  ATPase	  and	  it	  relies	  on	  some	  sort	  of	  inner	  membrane	  subassembly	  protein	  complex.	  Early	  mutational	  studies	  of	  the	  traffic	  ATPase	  of	  P.	  aeruginosa	  PAK	  pili	  (PilB)	  and	  its	  T2S	   homolog	   (XcpR)	   showed	   that	   by	   modifying	   their	   ATP	   binding	   domains	   the	  production	  of	  Tfp	  or	  secretion	  of	  exotoxin	  A,	  respectively	  were	  abolished	  (Turner	  et	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al.,	   1993).	   This	   showed	   that	   these	   binding	   sites	   were	   important	   for	   the	   proteins	  functions	  and	   indicated	   that	  energy	  might	  be	  required	   for	  Tfp	  biogenesis.	  Purified	  traffic	  ATPases	  from	  both	  R64	  thin	  pilus	  (PilQ)	  and	  BFP	  (BfpD)	  were	  shown	  to	  form	  multimeric	   complexes	   when	   in	   association	   with	   nucleotides	   (octamers	   and	  hexamers	   respectively)	   and	   to	   have	   ATPase	   activity	   in	   vitro	   (Sakai	   et	   al.,	   2001,	  Crowther	   et	   al.,	   2005).	   The	   structure	   of	   a	   traffic	   ATPase	   protein	   involved	   in	   Tfp	  biogenesis	  has	  yet	  to	  be	  solved,	  but	  structures	  of	  traffic	  ATPases	  from	  T2S	  and	  other	  secretion	   systems	   that	   are	   available	   showed	   that	   these	   proteins	   are	   dynamic	  hexamers	   (Savvides,	   2007).	   Understanding	   how	   the	   above	   ATPases	  may	   generate	  mechanical	  energy,	  comes	  from	  recent	  studies	  of	  the	  retraction	  ATPases	  of	  Aquifex	  
aeolicus	   and	  P.	  aeruginosa	   that	   are	  not	   involved	   in	  Tfp	  biogenesis	   (Satyshur	  et	   al.,	  2007,	   Misic	   et	   al.,	   2010).	   These	   studies	   have	   indicated	   that	   these	   ATPases	   form	  dynamic	  hexamers	  and	  that	  upon	  ATP	  binding	  and	  hydrolysis	  large	  conformational	  changes	   occur	   generating	   mechanical	   energy.	   This	   energy	   might	   thus	   power	   the	  machinery	   that	  would	   "pull"	   or	   "push"	  mature	   pilin	   subunits	   outside	   of	   the	   inner	  membrane	  and	  priming	  them	  for	  assembly	  into	  the	  fibre	  (Savvides,	  2007).	  	  For	  a	  long	  time	  the	  roles	  of	  the	  remaining	  proteins	  involved	  at	  this	  stage	  were	  not	  well	   understood.	   The	   only	   thing	   that	   could	   be	   said	   was	   that	   the	   corresponding	  mutants	   were	   non-­‐piliated.	   Our	   understanding	   of	   the	   system	   improved	   when	  Wolfgang	  and	  colleagues	  (1998)	  reported	  that	   the	   lack	  of	  piliation	   in	  a	  gonococcal	  
pilC	   mutant	   could	   be	   suppressed	   by	   a	   concurrent	   mutation	   in	   the	   pilT	   gene	  (Wolfgang	  et	  al.,	  1998b).	  This	  study	  showed	  that	  PilC	  although	  important	   for	  pilus	  biogenesis	   was	   not	   necessary	   for	   pilus	   assembly,	   and	   suggested	   that	   PilC's	   role	  might	  be	  to	  counteract	  the	  retractive	  forces	  generated	  by	  the	  pilus	  retraction	  motor.	  This	  inspired	  a	  systematic	  study	  in	  the	  closely	  related	  N.	  meningitidis	  by	  Carbonnelle	  and	  colleagues	  (2006),	  in	  which	  piliation	  was	  assessed	  in	  double	  mutants	  containing	  mutations	   in	   each	   of	   the	   Tfp	   biogenesis	   genes	   with	   a	   concurrent	   pilT	   mutation	  (Carbonnelle	  et	  al.,	  2006).	  A	  triple	  mutant	  pilC1/C2/T	  had	  to	  be	  constructed	  as	  PilC	  is	  encoded	  by	  two	  alleles	  in	  this	  organism.	  The	  production	  of	  Tfp	  was	  established	  by	  immuno-­‐fluoresence	  microscopy	  using	  a	  monoclonal	  antibody	  specific	  for	  the	  fibres	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in	  the	  studied	  strain.	  The	  results	  showed	  that	  the	  majority	  of	  pil	  genes	  involved	  in	  Tfp	  biogenesis	  (PilC,	  PilG,	  PilH,	  PilI,	  PilJ,	  PilK,	  PilQ	  and	  PilW)	  were	  not	  required,	  per	  
se,	   for	   pilus	   assembly,	   as	   piliation	  was	   restored	   in	   the	   absence	   of	   pilus	   retraction	  (Carbonnelle	   et	   al.,	   2006).	  Therefore	   they	   are	   involved	   in	  Tfp	  biogenesis	   after	   the	  step	  of	  pilus	  assembly,	  and	  seem	  at	  least	  in	  part	  to	  counteract	  the	  disruptive	  forces	  that	  PilT-­‐mediated	  retraction	  places	  upon	  pilus	  assembly.	  It	  was	  confirmed	  that	  PilQ	  is	  necessary	  for	  pilus	  emergence	  on	  the	  surface	  as	  the	  pili	  in	  a	  pilQ/T	  mutant	  were	  trapped	  in	  the	  periplasm	  in	  both	  N.	  meningitidis	  and	  N.	  gonorrhoeae	  (Wolfgang	  et	  al.,	  2000,	  Carbonnelle	  et	  al.,	  2006).	  Most	  of	  the	  proteins	  also	  seem	  to	  play	  a	  role	  in	  the	  functionality	  of	  the	  fibre,	  as	  most	  of	  the	  pili	  that	  were	  restored	  were	  non-­‐functional.	  This	   led	   to	   a	   four-­‐step	   model	   for	   Tfp	   biogenesis	   (as	   seen	   in	   Figure	   1.6.A)	  (Carbonnelle	   et	   al.,	   2006),	   that	   is	   an	   extension	  of	   the	   three-­‐step	  model	  previously	  described	  in	  N.	  gonorrhoeae	  (Wolfgang	  et	  al.,	  2000).	  This	  study	  suggested	  that	  only	  6	  proteins,	  PilD,	  PilF,	  PilM,	  PilN,	  PilO	  and	  PilP	  along	  with	  the	  pilin	  itself	  were	  essential	  for	  pilus	  assembly	  per	  se,	  as	  their	  corresponding	  double	   mutants	   were	   non-­‐piliated.	   The	   roles	   of	   PilD	   and	   PilF	   have	   already	   been	  described	   suggesting	   that	   the	   remaining	   four	   proteins,	   PilM,	   PilN,	   PilO	   and	   PilP,	  might	   form	   the	   inner	  membrane	  pilus	   subassembly	   complex.	  This	   is	   strengthened	  by	  a	  recent	  study	  in	  P.	  aeruginosa	  (Ayers	  et	  al.,	  2009),	  which	  was	  followed	  up	  by	  a	  structural	   study	   showing	   that	   the	   periplasmic	   domains	   of	   PilN	   and	   PilO	   form	   a	  complex	   (Sampaleanu	   et	   al.,	   2009).	   It	   could	   be	   energized	   by	   PilF	   to	   provide	   the	  mechanical	   leverage	   to	   extrude	   the	   pilins	   from	   the	   inner	   membrane	   and	   to	  subsequently	  assemble	  the	  fibres.	  However,	  how	  this	  complex	  functions	  remains	  to	  be	  determined.	  As	   PilMNOP	   are	   not	   present	   in	   Tfpb-­‐expressing	   bacteria	   the	   above	   putative	  mechanism	   cannot	   be	   extended	   to	   these	   species.	   Systematic	   localization	   and	  interaction	  studies	  completed	  for	  the	  BFP	  system	  have	  uncovered	  the	  topography	  of	  the	  pilus	  assembly	  complex	  which	  spans	  the	  periplasmic	  space	  (Ramer	  et	  al.,	  2002,	  Hwang	   et	   al.,	   2003,	   Crowther	   et	   al.,	   2005).	   An	   inner	   membrane	   subassembly	   is	  thought	  to	  play	  a	  critical	  role	  in	  the	  conversion	  of	  the	  chemical	  energy	  produced	  by	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the	   traffic	   ATPase	   (BfpD)	   into	   the	  mechanical	   force	   that	   drives	   extrusion	   of	   pilin	  subunits	  from	  the	  inner	  membrane.	  This	  complex	  consists	  of	  BfpD	  (the	  core	  traffic	  ATPase),	  an	   inner	  membrane	  protein	  BfpC	  (a	  non-­‐core	  protein	  specific	   to	   the	  BFP	  system)	   and	   BfpE	   (the	   core	   integral	   inner	  membrane	   bitopic	   protein,	   homolog	   of	  PilG).	   Intriguingly	   in	   N.	   meningitidis,	   the	   core	   PilG	   protein	   that	   forms	   bilobed	  tetramers	   in	   the	   inner	  membrane	   (Collins	  et	  al.,	  2007),	   is	  apparently	  not	   required	  for	   pilus	   assembly	   per	   se	   (Carbonnelle	   et	   al.,	   2006).	   The	   cytoplasmic	   N-­‐terminal	  regions	  of	  the	  inner	  membrane	  proteins	  BfpE	  and	  BfpC	  were	  shown	  to	  interact	  with	  cytoplasmic	   BfpD	   recruiting	   it	   to	   the	   membrane	   (Crowther	   et	   al.,	   2004).	   BfpE	  actually	  has	  two	  different	  binding	  sites	  in	  its	  N-­‐terminus	  for	  BfpD,	  the	  use	  of	  which	  is	  dependent	  on	  the	  phosphorylation	  status	  of	  the	  nucleotide	  bound	  to	  BfpD.	  Based	  on	   these	   findings,	   Crowther	   and	   colleagues	   (2005)	   proposed	   a	   model	   for	   the	  transfer	  of	  energy	  during	  assembly.	  In	  brief,	  ATP-­‐bound	  hexameric	  BfpD	  is	  recruited	  to	   the	   inner	  membrane	  by	   the	  N-­‐terminal	  region	  of	  BfpC	  and	  the	   final	   third	  of	   the	  BfpE	   N-­‐terminal	   domain	   (residues	   77-­‐144).	   As	   shown	   in	   vitro,	   ATPase	   activity	   of	  BfpD	  is	  augmented	  in	  this	  conformation.	  Upon	  ATP	  hydrolysis,	  which	  is	  thought	  to	  cause	  a	  large	  conformational	  change	  in	  the	  ATPase	  hexamer	  (Savvides,	  2007),	  BfpD-­‐ADP	  releases	  the	  first	  BfpE	  binding	  site	  and	  binds	  the	  second	  BfpE	  site	  (residues	  39-­‐76).	   This	   was	   proposed	   to	   drive	   the	   N-­‐terminus	   of	   BfpE	   through	   the	   inner	  membrane	   making	   it	   act	   as	   a	   piston,	   pushing	   bundlin	   subunits	   out	   of	   the	   inner	  membrane.	   The	   ADP	   in	   BfpD	   would	   then	   be	   replaced	   with	   ATP	   and	   the	   binding	  configuration	  would	  revert	  back	  to	  continue	  pilus	  assembly	  (Crowther	  et	  al.,	  2005).	  Whether	   the	  BFP	  model	   is	   transferable	   to	  other	  Tfpb	  systems	   is	  yet	   to	  be	  seen,	  as	  BfpC	  is	  unique	  to	  BFP	  biogenesis.	  However,	  the	  recruitment	  of	  the	  traffic	  ATPase	  to	  the	  membrane	  by	   another	  non-­‐core	   integral	  membrane	  protein	  has	   recently	   been	  described	   for	   V.	   cholerae	   TCP	   (Tripathi	   and	   Taylor,	   2007).	   Whether	   this	   is	  completed	  in	  accordance	  with	  the	  core	  PilG-­‐like	  inner	  membrane	  protein	  TcpE	  has	  yet	  to	  be	  determined,	  as	  is	  the	  validity	  of	  the	  above	  model.	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Emergence	  of	  Tfp	  onto	  the	  bacterial	  surface	  The	   growing	   pilus	   fibre	  must	   exit	   the	   bacterial	   cell	   through	   the	   outer	  membrane.	  This	  is	  thought	  to	  be	  completed	  by	  another	  core	  protein:	  the	  secretin	  (PilQ).	  Support	  for	   this	   role	  has	   come	   from	  recent	   studies	   in	  pathogenic	  Neisseria	  species.	  Double	  
pilQ/pilT	  mutant	   in	   the	  gonococcus	   showed	   that	  pili	  were	  produced	  but	   remained	  membrane-­‐bound	  in	  protrusions	  (Wolfgang	  et	  al.,	  2000).	  In	  N.	  meningitidis,	  the	  pili	  in	   the	  pilQ/pilT	  mutant	  were	   released	   by	   osmotic	   shock	   treatments	   and	   could	   be	  viewed	  by	  immunofluorescence	  microscopy	  (Carbonnelle	  et	  al.,	  2006,	  Pelicic,	  2008).	  This	  was	  not	  apparent	   for	  any	  of	   the	  other	  essential	  Tfp	  biogenesis	  proteins	   listed	  above	   (Carbonnelle	   et	   al.,	   2006,	   Pelicic,	   2008).	   PilQ	   is	   a	   member	   of	   the	   secretin	  family	  of	  outer	  membrane	  proteins	  which	  includes	  similar	  outer	  membrane	  proteins	  from	  the	  type	  II	  and	  III	  secretion	  systems	  and	  filamentous	  phage	  release	  (Bayan	  et	  al.,	  2006).	  These	  proteins	  form	  extremely	  stable	  homomultimeric	  complexes	  in	  the	  outer	  membrane	  that	  are	  thought	  to	   form	  gated	  channels	   that	  allow	  the	  release	  of	  multimeric	  proteins	  from	  the	  cell	  periplasm.	  The	  secretin	  itself	   is	  one	  of	  the	  better	  characterized	   core	   Tfp	   biogenesis	   proteins,	   the	   best	   studied	   being	   the	   PilQ	   of	  N.	  
meningitidis	  for	  which	  the	  structure	  of	  the	  dodecameric	  complex	  and	  topology	  in	  the	  membrane	  have	  been	  solved	  (Collins	  et	  al.,	  2004,	  Frye	  et	  al.,	  2006).	  Further	  studies	  by	  the	  same	  group	  showed	  that	  Tfp	   interact	  with	  the	  secretin	   in	  vitro,	   the	  purified	  pilus	  fragments	  filling	  the	  cavity	  of	  the	  cage-­‐like	  PilQ	  structure	  and	  imposing	  large	  structural	   changes	   in	   the	   secretin,	   splaying	   the	   “arms”	   open	   and	   dissociating	   the	  “cap”	  structure	  (Collins	  et	  al.,	  2005).	  The	  assembly	  and	  stability	  of	  the	  PilQ	  multimers	  often	  involves	  other	  Tfp	  biogenesis	  proteins	  (small	  lipoproteins),	  which	  could	  along	  with	  the	  secretin	  itself	  form	  a	  sub-­‐assembly	  of	  proteins	   in	   the	  outer	  membrane.	  The	  PulS	  protein	  of	   the	  T2S	   system,	  known	  as	  a	  pilotin,	  thus	  acts	  as	  a	  chaperone	  of	  the	  secretin	  (PulD)	  and	  promotes	  its	  correct	  insertion	  into	  the	  outer	  membrane	  (Hardie	  et	  al.,	  1996b,	  Hardie	  et	  al.,	  1996a,	  Guilvout	   et	   al.,	   2006).	   In	   some	   Tfpb	   systems,	   there	   is	   no	   need	   for	   pilotins	   as	   the	  secretins	   are	   lipoproteins	   that	   are	   directed	   to	   the	   outer	   membrane	   by	   the	   Lol	  liprotein	  sorting	  pathway	  (Narita	  and	  Tokuda,	  2006).	  In	  Tfpa	  systems	  the	  situation	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is	   somewhat	   confusing.	   This	   is	   partly	   because	   Drake	   and	   colleagues	   inferred	   that	  PilP	  was	   a	  pilotin	   for	  PilQ,	   as	  mutational	   studies	   showed	  a	   slight	  decrease	   in	  PilQ	  multimer	  formation	  in	  the	  pilP	  mutant	  of	  the	  gonococcus	  (Drake	  et	  al.,	  1997).	  This	  however	   was	   not	   reproduced	   in	   studies	   in	   N.	   meningitidis	   or	   M.	   Xanthus	  (Carbonnelle	  et	  al.,	  2005,	  Nudleman	  et	  al.,	  2006,	  Carbonnelle	  et	  al.,	  2006).	  It	  appears	  now	  that	  the	  decrease	  was	  due	  to	  polar	  effects	  resulting	  from	  the	  pilP	  mutation	  on	  the	   transcription	   of	   pilQ,	   as	   these	   genes	   are	   co-­‐transcribed	   (Balasingham	   et	   al.,	  2007).	   However,	   PilP	   has	   been	   shown	   in	   vitro	   to	   interact	   with	   the	   cap	   of	   PilQ	  (Balasingham	   et	   al.,	   2007).	   Another	   Tfp	   biogenesis	   lipoprotein	   in	  N.	   meningitidis	  (PilW),	  and	  its	  M.	  xanthus	  orthologue	  (Tgl),	  act	  to	  stabilize	  PilQ	  multimers,	  as	  these	  multimers	  are	  not	  seen	  in	  a	  pilW	  mutant	  (Carbonnelle	  et	  al.,	  2005,	  Nudleman	  et	  al.,	  2006).	   However,	   the	   actual	   insertion	   and	   multimerization	   of	   PilQ	   into	   the	   outer	  membrane	  might	   be	   controlled	   by	  Omp85,	   a	   protein	   ubiquitous	   in	  Gram	  negative	  bacteria	   and	   involved	   in	   the	   insertion	   and/or	   multimerization	   of	   many	   outer	  membrane	  proteins	  (Voulhoux	  et	  al.,	  2003).	  	  
1.2.4.	  Proteins	  dispensable	   for	  Tfp	  biogenesis	  may	  play	  key	  roles	   in	  
Tfp	  biology	  Together	   with	   the	   above	   proteins	   that	   are	   essential	   for	   Tfp	   biogenesis,	   there	   is	  another	  set	  of	  proteins	  that	  play	  crucial	  roles	  in	  Tfp	  biology	  without	  being	  necessary	  for	  Tfp	  biogenesis.	  These	  genes	  are	   thus	  deemed	  "accessory"	   to	  Tfp	  biogenesis.	   In	  their	  absence	  Tfp	  are	  expressed	  but	  often	  defective	  in	  one	  or	  several	  Tfp-­‐mediated	  functions.	  Since	  the	  observed	  phenotypes	  are	  not	  obscured	  by	  the	  absence	  of	  pili,	  as	  is	   the	   case	   for	  mutants	   in	   essential	   Tfp	   biogenesis	   genes,	   the	   study	   of	  mutants	   in	  accessory	   genes	   has	   thus	   been	   very	   important	   in	   the	   field	   as	   it	   has	   substantially	  improved	  our	  understanding	  of	  Tfp	  biology	  as	  will	  be	  described	  below.	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1.2.4.1	  The	  retraction	  ATPase	  PilT	  and	  homologous	  proteins	  In	   addition	   to	   the	   one	   involved	   in	   pilus	   biogenesis,	   there	   are	   often	   several	   other	  traffic	  ATPases	   in	  Tfpa-­‐expressing	  bacteria.	  The	  most	   conserved	  are	  PilT	  and	  PilU	  that	  are	  encoded	  by	  an	  operon.	  These	  proteins	  show	  extensive	  sequence	  homology	  and	  possess	   the	  Walker	  A	  and	  B	  boxes	  which	  are	  known	   to	  be	   important	   for	  ATP	  binding	  and	  hydrolysis.	  Over	  the	  next	  few	  paragraphs	  I	  will	  summarize	  our	  current	  knowledge	  of	  the	  roles	  of	  these	  proteins	  in	  Tfp	  biology.	  	  PilT	  PilT	  is	  by	  far	  the	  best	  studied	  accessory	  protein	  and	  one	  of	  the	  most	  studied	  proteins	  in	  Tfp	  systems.	  It	  plays	  a	  pivotal	  role	  in	  Tfp	  biology.	  As	  already	  mentioned,	  Tfp	  are	  highly	  dynamic	  organelles	  that	  can	  be	  retracted,	  this	  ability	  is	  mediated	  by	  the	  PilT	  protein.	   PilT	   is	   ubiquitous	   in	   Tfpa-­‐expressing	   bacteria,	   however	   a	   functional	  homolog	   has	   yet	   to	   be	   described	   in	   Tfpb-­‐expressing	   bacteria.	   There	   is	   however	   a	  second	  ATPase	  dispensable	  for	  pilus	  biogenesis	  (BfpF)	  in	  the	  BFP	  system	  that	  might	  play	  a	  similar	  role	  to	  PilT	  (Bieber	  et	  al.,	  1998).	  Brossay	  and	  colleagues	  showed	  that	   in	  N.	  gonorrhoeae	  PilT	  could	  be	  detected	  by	  a	  specific	   monoclonal	   antibody,	   and	   localized	   to	   the	   cytosol	   and	   inner	   membrane	  fractions	   (Brossay	   et	   al.,	   1994).	   Like	   PilF,	   PilT	   might	   be	   interacting	   with	   the	  subassembly	   of	   Pil	   proteins	   in	   the	   inner	   membrane	   in	   order	   to	   control	   pilus	  dynamics.	  A	  hint	  at	  the	  key	  role	  of	  PilT	  in	  pilus	  retraction	  came	  from	  early	  studies	  in	  
P.	   aeruginosa	   of	   bacteriophages	   that	   are	   pilus-­‐dependent	   since	   they	   specifically	  interact	  with	  Tfp	  (Bradley	  and	  Pitt,	  1974).	  It	  was	  shown	  by	  electron	  microscopy	  that	  in	  some	  P.	  aeruginosa	  mutants	  resistant	  to	  infection,	  the	  phages	  although	  they	  were	  able	   to	   interact	  with	  Tfp	  were	  never	   found	  on	   the	  bacterial	   surface	   and	   therefore	  never	  adsorbed.	  This	  prompted	  Bradley	  and	  colleagues	   (1974)	   to	  conclude	   that	  P.	  
aeruginosa	  pili	  were	  able	  to	  retract	  and	  that	  the	  phage-­‐resistant	  mutants	  had	  non-­‐retractile	  pili.	  It	  was	  much	  later	  shown	  that	  these	  mutants	  were	  mutated	  in	  the	  pilT	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gene	   (Whitchurch	   et	   al.,	   1991).	   The	   homologous	   genes	   in	   M.	   xanthus	   and	   N.	  
gonorrhoeae	   were	   also	   found	   to	   be	   essential	   for	   S-­‐motility	   and	   twitching	  motility/pilus	  retraction	  respectively	  (Wu	  and	  Kaiser,	  1995,	  Wolfgang	  et	  al.,	  1998a).	  More	   recently,	   the	   use	   of	   laser	   tweezers	   was	   used	   to	   confirm	   that	   Tfp	   forcefully	  retract	  at	  around	  1	  µm.s-­‐1	  and	  that	  this	  pilus	  retraction	  is	   indeed	  mediated	  by	  PilT	  (Merz	   et	   al.,	   2000).	   It	   was	   further	   shown	   that	   only	   one	   PilT	   complex	   powers	  retraction	  and	  generates	  forces	  exceeding	  100	  pN	  per	  single	  filament	  (Maier	  et	  al.,	  2002).	  The	  key	   role	  of	  PilT	   in	  Tfp	  biology	   is	  exemplified	  by	   the	  multiple	  phenotypes	   that	  have	   been	   attributed	   to	   pilT	   mutants	   in	   different	   organisms	   (Bradley,	   1980,	  Whitchurch	  et	  al.,	  1991,	  Wolfgang	  et	  al.,	  1998a,	  Pujol	  et	  al.,	  1999).	  As	  a	  consequence	  of	  the	  lack	  of	  pilus	  retraction,	  the	  dynamics	  are	  shifted	  towards	  pilus	  assembly	  and	  
pilT	  mutants	  are	  often	  hyper-­‐piliated	  (Mattick,	  2002).	  These	  mutants	  do	  not	  exhibit	  twitching	   motility	   (Whitchurch	   et	   al.,	   1991,	   Wolfgang	   et	   al.,	   1998a),	   and	   it	   was	  shown	   in	   the	   previous	   seminal	   paper	   using	   laser	   tweezers	   that	   pilus	   retraction	  directly	   powers	  motility.	  When	   laser	   tweezers	   were	   used	   to	   place	   and	   hold	   cells	  near	  a	  microcolony,	   retractile	   forces	  pulled	   the	   cells	   toward	   the	  microcolony	  with	  the	  WT	  strain	  but	  not	  with	  a	  pilT	  mutant	  (Merz	  et	  al.,	  2000,	  Skerker	  and	  Berg,	  2001).	  Similarly	   in	  naturally	  competent	  Tfpa-­‐expressing	  bacteria,	   such	  as	  N.	  gonorrhoeae,	  
pilT	   mutants	   have	   an	   abolished	   competence	   (Wolfgang	   et	   al.,	   1998a).	   PilT	   also	  affects	   adhesion	   to	   human	   cells	   as	   was	   shown	   in	   N.	   meningitidis,	   as	   its	  corresponding	   mutant	   is unable	   to	   progress	   from	   localized	   adhesion,	   when	  microcolonies	  are	  present	  on	   the	  cells,	   to	   intimate	  attachment	   (Pujol	   et	   al.,	  1999).	  Finally,	  pilT	  mutants	  form	  more	  aggregates	  than	  the	  WT	  strain	  (Hélaine	  et	  al.,	  2005),	  suggesting	   that	   PilT-­‐mediated	   pilus	   retraction	   has	   a	   disruptive	   affect	   upon	   the	  formation	  of	  aggregates.	  PilT	  was	  confirmed	   to	  be	  very	   important	   for	  P.	  aeruginosa	  virulence	  using	   in	  vitro	  cytotoxicity	  assays	  and	  a	  mouse	  model	   for	  acute	  pneumonia.	  The	  pilT	  mutant	  was	  required	  for	  WT	  cytotoxicity	  in	  cell	  death	  assays	  as	  it	  killed	  cells	  less	  efficiently.	  The	  mouse	   model	   experiments	   indicated	   that	   although	   the	   rate	   of	   killing	   was	   not	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significantly	  reduced	  compared	  to	  the	  WT,	  dissemination	  of	  bacteria	  away	  from	  the	  lungs	  was	  inhibited	  (Comolli	  et	  al.,	  1999).	  Interestingly	   a	   recent	   study	   in	   M.	   xanthus	   has	   indicated	   that	   more	   than	   one	  retraction	  ATPase	   is	  present	   in	  this	  organism.	  This	  was	  proposed	  as	  a	  pilT	  mutant	  still	   retracted	  pili,	   although	  at	  a	   lower	   rate	  and	   force.	  This	  would	   suggest	   that	   the	  ATPases	  of	  this	  organism	  at	   least,	  may	  work	  separately	  to	  provide	  pilus	  retraction	  (Clausen	  et	  al.,	  2009).	  	  PilU	  Although	  PilU	  exhibits	  a	  high	  degree	  of	  sequence	  similarity	  with	  PilT,	  the	  potential	  roles	   of	   this	   other	   accessory	   traffic	   ATPase	   in	   Tfp	   biology	   is	   less	   clear.	   Many	  different	  phenotypes,	  often	  conflicting	  with	  each	  other,	  have	  been	  attributed	  to	  pilU	  mutants	   in	   different	   organisms.	   In	  P.	   aeruginosa	   the	   pilU	  mutant	   is	   hyper-­‐piliated	  and	  defective	  in	  twitching	  motility	  like	  the	  pilT	  mutant,	  which	  suggests	  a	  role	  in	  Tfp	  retraction.	  However,	   this	  mutant	   remains	   sensitive	   to	   phage	   PO4	   infection,	  which	  indicates	   that	   pilus	   retraction	   is	   not	   totally	   abolished	   (Whitchurch	   and	   Mattick,	  1994).	   In	   P.	   stutzeri	   the	   pilU	   mutant	   is	   normally	   piliated,	   undergoes	   twitching	  motility	  and	  remains	  sensitive	   to	  phage	  PO4	   infection.	  However,	  DNA	  competence	  was	  reduced	  to	  10%	  of	  WT	  levels	  (Graupner	  et	  al.,	  2001).	  The	  N.	  gonorrhoeae	  pilU	  mutant	   lacked	   aggregation,	  which	   is	   usually	   associated	  with	   a	   loss	   of	   adhesion	   to	  human	  cells,	  but	  curiously	  this	  mutant	  was	  hyper-­‐adhesive	  with	  an	  8-­‐fold	  increase	  compared	   to	   the	  WT	   (Park	   et	   al.,	   2002).	   Finally	   the	   pilU	   mutant	   of	  Dichelobacter	  
nodosus	   was	   normally	   adhesive	   and	   still	   allowed	   protease	   secretion	   (thought	   to	  require	   Tfp	   biogenesis	   in	   this	   organism),	   however	   it	   was	   defective	   for	   twitching	  motility,	  which	  resulted	  in	  an	  avirulent	  strain	  (Han	  et	  al.,	  2008).	  These	  differences,	  which	  may	  well	   be	  due	   to	   the	  differences	   in	   the	   studied	  organisms,	   underline	   the	  difficulty	   of	   having	   a	   global	   view	   of	   Tfp	   biology	   since	   (as	   already	   mentioned)	  extrapolation	  of	  results	  from	  one	  species	  to	  another	  is	  often	  impossible.	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1.2.4.2	  Minor	  pilins	  That	  pilin-­‐like	  proteins	  that	  are	  not	  involved	  in	  Tfp	  biogenesis	  play	  important	  roles	  in	  Tfp	  biology	  has	  been	  discovered	  in	  pathogenic	  Neisseria	  species	  with	  the	  PilV,	  PilX	  and	   ComP	   proteins.	   As	   I	   stated	   above,	   all	   these	   proteins	   contain	   the	   conserved	  prepilin	  motif	  (Figure	  1.3),	  which	  is	  thought	  to	  be	  required	  for	  their	  maturation	  by	  the	  prepilin	  peptidase	  (PilD)	  and	  possibly	  subsequent	  assembly	  into	  the	  pilus,	  hence	  their	  definition	  as	  minor	  (or	  low	  abundance)	  pilins.	  Indeed,	  modelling	  experiments	  suggest	  that	  all	  these	  proteins	  are	  likely	  to	  exhibit	  3D	  structures	  of	  pilins,	  which	  was	  confirmed	   for	   PilX	   as	   will	   be	   described	   below.	   Accessory	   pilin-­‐like	   proteins	   in	  different	   species	  exhibit	  no	  homology	   (apart	   from	  the	  pilin	  motif),	  which	  suggests	  that	  they	  might	  be	  specifically	  tailored	  for	  each	  Tfp	  system.	  	  PilX	  The	  best	  studied	  minor	  pilin	  to	  date	  is	  PilX.	  Initially	  the	  pilX	  mutant	  was	  found	  to	  be	  non-­‐aggregative	  and	  non-­‐adhesive	  in	  a	  phenotypic	  screen	  of	  a	  library	  of	  transposon	  insertion	   mutants	   (Carbonnelle	   et	   al.,	   2005).	   It	   was	   shown	   that	   the	   lack	   of	  aggregation	  resulted	  in	  a	  lack	  of	  adhesion	  as	  a	  concurrent	  mutation	  in	  the	  pilT	  gene	  restored	  both	  aggregation	  and	  adhesion	  to	  human	  cells	  (Hélaine	  et	  al.,	  2005).	  PilX's	  role	  was	   therefore	   proposed	   to	   be	   in	   aggregate	   stabilization	   by	   counteracting	   the	  disruptive	  forces	  of	  PilT,	  which	  is	  expected	  to	  hinder	  the	  formation	  of	  aggregates	  by	  retracting	   the	   pili.	   The	   protein	  was	   then	   shown	   to	   be	   cleaved	   by	   PilD	   and	   to	   co-­‐purify	  with	  pilus	  fractions	  by	  Western	  blotting	  analysis	  (Hélaine	  et	  al.,	  2005).	  That	  it	  was	  indeed	  a	  component	  of	  the	  fibers,	  which	  cannot	  be	  deduced	  from	  the	  previous	  experiments	  due	  to	  the	  limits	  in	  the	  purification	  method	  used,	  was	  later	  confirmed	  by	  electron	  microscopy	  and	  immuno-­‐gold	  labeling	  of	  PilX	  within	  Tfp	  fibres	  (Hélaine	  et	  al.,	  2007).	  It	  was	  estimated	  that	  PilX	  represented	  some	  3%	  of	  the	  proteins	  in	  the	  fibres,	  and	  it	  was	  nicknamed	  minor	  (or	  low	  abundance)	  pilin.	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A	   truncated	   version	   of	   PilX	   (without	   the	   N-­‐terminal	   hydrophobic	   residues	   of	   the	  mature	  protein)	  was	  purified	  and	  its	  structure	  solved	  by	  X-­‐ray	  crystallography	  that	  revealed	   that	  PilX	   is	   indeed	  a	  pilin	   since	   it	   shares	   the	   typical	   fold	  of	   this	   family	  of	  proteins	  (Hélaine	  et	  al.,	  2007)	  (Figure	  1.8).	  This	  also	  revealed	  that	  the	  variable	  edge	  of	   the	   globular	   head	   region,	   the	   D-­‐region	   delimited	   by	   a	   disulphide	   bond,	   was	  exposed	  on	  the	  fibres	  surface.	  This	  D-­‐region	  forms	  a	  "hook"	  that	  seems	  to	  play	  a	  key	  role	   in	   the	   function	   of	   this	   protein.	   Upon	   deletion	   of	   the	   majority	   of	   this	   region,	  which	   does	   not	   interfere	   with	   PilX	   co-­‐purification	   with	   Tfp,	   aggregation	   was	  abolished	  and	  adhesion	  was	  reduced	  1,000-­‐fold	  compared	  to	  WT	  but	  remained	  10-­‐fold	   higher	   than	   the	   pilX	   mutant.	   This	   led	   to	   a	   molecular	   model	   explaining	  aggregation	  that	  I	  will	  introduce	  later	  on	  (see	  section	  1.2.5.2.).	  	  It	  was	  proposed	  that	  the	  D-­‐region	  hook	  plays	  an	  important	  role	  in	  PilX-­‐PilX	  interactions	  in	  opposing	  pili,	  aiding	   the	   slowing	   down	   of	   PilT	   retraction	   allowing	   the	   pili	   to	   hold	   together	   and	  promote	  interbacterial	  interactions	  that	  result	  in	  the	  formation	  of	  stable	  aggregates	  (Hélaine	  et	  al.,	  2007).	  	  However,	  subsequent	  results	  in	  N.	  gonorrheae	  showing	  that	  the	  PilX	  ortholog	  (called	  PilL)	   was	   important	   for	   Tfp	   biogenesis	   (Winther-­‐Larsen	   et	   al.,	   2005),	   again	  underline	  the	  importance	  of	  performing	  phenotypic	  characterizations	  in	  the	  species	  of	  interest.	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Figure	  1.8	  3-­D	  structure	  of	  the	  accessory	  PilX	  protein	  shows	  that	  it	  is	  a	  pilin.	  3-­‐D	   structure	   of	   N.	   meningitidis	   truncated	   PilX	   as	   depicted	   by	   a	   stereo	   ribbon	  drawing	  from	  Hélaine,	  et	  al.	  (2007).	  Highlighted	  are	  the	  N-­‐terminal	  α1-­‐C	  helix	  and	  4-­‐stranded	  antiparallel	  β-­‐sheet	  that	  characterize	  the	  “structural	  core”	  of	  the	  globular	  head	  region	  of	  type	  IV	  pilins	  (cyan),	  distinctive	  antiparallel	  α2-­‐α3	  helices	  (magenta)	  and	  the	  D-­‐region	  delimited	  by	  a	  disulfide	  bond	  (yellow)	  consisting	  of	  the	  α4	  “pigtail”	  and	  the	  α4-­‐β5	  connection	  “hook”	  (orange).	  	  	  ComP	  A	  study	   in	  N.	  gonorrhoeae	  of	  proteins	  containing	  the	  prepilin	  motif,	   found	  that	  the	  mutant	   in	   the	   corresponding	   gene	   of	   one	   such	   protein	   was	   non-­‐competent	   but	  remained	  piliated	  (Wolfgang	  et	  al.,	  1999).	  Wolfgang	  and	  colleagues	  (1999)	  therefore	  named	   the	  corresponding	  protein	  ComP,	   for	  competence-­‐associated	  prepilin.	  They	  further	   demonstrated	   that	   ComP	  was	   required	   for	  DNA	  uptake,	   the	   step	   at	  which	  DNA	   is	   translocated	   across	   the	   outer	  membrane.	   The	  uptake	   of	  DNA	  by	   the	   comP	  mutant	   was	   decreased	   by	   greater	   than	   100-­‐fold	   compared	   to	   the	   wild-­‐type.	  Similarly,	  upon	  the	  overexpression	  of	  ComP	  a	  20-­‐fold	   increase	   in	  DNA	  uptake	  was	  seen	  (Aas	  et	  al.,	  2002b).	  Upon	  ComP	  overexpression	  in	  a	  PilT-­‐	  background	  (in	  which	  uptake	  is	  abolished)	  DNA	  binding	  was	  increased	  five-­‐fold	  in	  a	  DUS	  specific	  manner.	  This	   suggested	   that	   ComP	   works	   in	   a	   dose-­‐dependent	   manner	   and	   increases	  sequence	  specific	  DNA	  binding	  (Aas	  et	  al.,	  2002b).	  It	  is	  yet	  to	  be	  determined	  whether	  ComP	  binds	  DNA	  directly.	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Another	   minor	   pilin	   important	   for	   competence,	   also	   named	   ComP,	   has	   been	  described	  in	  Acinetobacter	  sp.	  BD413	  (Porstendorfer	  et	  al.,	  1997).	  It	  was	  noted	  that	  the	  corresponding	  mutant	  remained	  piliated	  and	  underwent	  twitching	  motility.	  
	  PilV	  Unlike	  its	  unrelated	  namesake	  in	  P.	  aeruginosa	  in	  which	  Tfp	  biogenesis	  is	  abolished	  (Alm	  and	  Mattick,	  1995),	  piliation	  is	  unaffected	  in	  the	  pilV	  mutant	  of	  N.	  gonorrhoeae.	  In	  N.	   gonorrhoeae	   this	  mutant	   although	   it	   can	   form	   aggregates,	  was	   100-­‐fold	   less	  adhesive	  than	  the	  WT	  strain	  (Winther-­‐Larsen	  et	  al.,	  2001).	  Adhesion	  was	  restored	  to	  normal	   levels	   in	  a	   complemented	  mutant.	   Interestingly,	   in	  a	  pilV/T	  double	  mutant	  adhesion	  was	  not	  restored	  to	  the	  level	  of	  a	  pilT	  mutant.	  Levels	  of	  PilC	  (that	  has	  a	  key	  role	   in	  adhesion	  (Nassif	  et	  al.,	  1994,	  Morand	  et	  al.,	  2001,	  Rudel	  et	  al.,	  1992))	  were	  found	   to	   be	   marginally	   lower	   in	   the	   pilV	   mutant	   pilus	   preparations.	   It	   was	   thus	  concluded	  that	  PilV	  plays	  an	  indirect	  role	  in	  adhesion,	  possibly	  by	  playing	  a	  role	  in	  PilC	  presentation	  (Winther-­‐Larsen	  et	  al.,	  2001).	  Again	   in	   N.	   meningitidis	   the	   situation	   was	   different,	   the	   pilV	   mutant	   although	   it	  adheres	  apparently	  normally	  could	  not	  trigger	  host	  cell	  membrane	  re-­‐arrangements	  (Mikaty	  et	  al.,	  2009).	  The	  adhesion	  of	  this	  mutant	  was	  found	  to	  be	  more	  susceptible	  to	  shear	  stress	  than	  the	  WT	  strain.	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1.2.4.3	  PilZ	  Although	  the	  initial	  study	  that	  identified	  PilZ	  in	  P.	  aeruginosa	  by	  Alm	  and	  colleagues	  (1996)	   indicated	   that	  a	  mutant	   in	   the	  pilZ	  gene	   is	  non-­‐piliated,	  which	  would	  place	  this	   gene	   in	   the	   essential	   group,	   in	  N.	  meningitidis	   the	   corresponding	  mutant	  was	  piliated	   (Carbonnelle	   et	   al.,	   2005)	   and	   PilZ	   is	   therefore	   an	   accesory	   protein.	   This	  mutant	  was	  not	  further	  characterized,	  but	  it	  was	  noted	  that	  the	  mutation	  resulted	  in	  a	   non-­‐aggregative	   phenotype,	   suggesting	   that	   this	   protein	  may	   play	   an	   important	  role	  in	  Tfp	  biology.	  Although	   for	   10	   years	   PilZ	   has	   not	   been	   studied	   further,	   some	   recent	   studies	  implicated	  proteins	  containing	  a	  PilZ	  domain	  in	  the	  signalling	  by	  a	  newly	  discovered	  secondary	   messenger	   bis-­‐(3’-­‐5’)-­‐cyclic	   dimeric	   guanosine	   monophosphate	   (c-­‐di-­‐GMP).	   A	   bioinformatic	   study	   proposed	   that	   the	   PilZ	   domain	   (Pfam	   07238)	   was	  responsible	   for	   binding	   c-­‐di-­‐GMP	   (Amikam	   and	   Galperin,	   2006).	   This	   was	  experimentally	   confirmed	   for	  P.	   aeruginosa	   Alg44	   (PA3542)	  which	   plays	   a	   role	   in	  alginate	  biosynthesis	  (Merighi	  et	  al.,	  2007),	  and	  YcgR	  of	  E.	  coli	  which	  plays	  a	  role	  in	  the	  regulation	  flagellum-­‐based	  motility	  (Ryjenkov	  et	  al.,	  2006).	  It	  was	  further	  shown	  in	  P.	  aeruginosa	  that	  all	  PilZ-­‐domain	  containing	  proteins	  bind	  c-­‐di-­‐GMP,	  except	  PilZ	  (PA2960)	   itself	  (Merighi	  et	  al.,	  2007).	  Very	  recent	  structural	  studies	  of	  a	  PilZ	   from	  
Xanthomonas	   campestris	   (XC1028)	   and	   Xanthomonas	   axonopodis	   (XAC1133)	  showed	  that	  these	  Tfp-­‐related	  PilZ’s	  have	  an	  incomplete	  c-­‐di-­‐GMP	  binding	  site	  (Li	  et	  al.,	  2009,	  Guzzo	  et	  al.,	  2009).	  	  
1.2.5	  Molecular	  models	  for	  Tfp-­mediated	  functions	  Similarly	   to	   Tfp	   biogenesis,	   our	   understanding	   of	   Tfp-­‐mediated	   functions	   is	  relatively	  poor	  especially	  at	  the	  molecular	  level.	  However,	  identification	  of	  mutants	  that	   are	   still	   piliated	   but	   are	   sometimes	   dramatically	   affected	   for	   Tfp-­‐mediated	  functions	  has	  brought	  some	  insight	  as	  will	  be	  discussed	  below.	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1.2.5.1	  Twitching	  motility	  Of	  all	   the	  Tfp-­‐mediated	   functions	   the	  mechanism	  of	   twitching	  motility	   is	  probably	  the	  best	  understood.	  Seminal	  work	  by	  Merz	  et	  al.	  (2000)	  directly	  showed	  that	  PilT	  was	   required	   for	   pilus	   retraction	   and	   that	   this	   retraction	   resulted	   in	   motility	   of	  	  	  	  	  	  	  	  
N.	  gonorrhoeae	  cells	  (Merz	  et	  al.,	  2000).	  Furthermore,	  retraction	  of	  P.	  aeruginosa	  Tfp	  and	  motility	  was	  also	  shown	  by	  the	  Cy3	  labeling	  of	  cells	  and	  total	  internal	  reflection	  microscopy	   (Skerker	   and	   Berg,	   2001).	   These	   two	   studies	   were	   the	   first	   direct	  observations	   that	  retraction	  powered	  twitching	  motility	  and	   led	   to	   the	  notion	  that	  motility	  occurs	  after	  Tfp,	  which	  are	  tethering	  to	  a	  solid	  surface,	  are	  retracted	  pulling	  the	  bacteria	  to	  the	  site	  of	  tethering.	  Tfp	  would	  thus	  operate	  in	  a	  manner	  similar	  to	  a	  grappling	   hook	   (Merz	   and	   Forest,	   2002).	   With	   the	   structure	   of	   PilT	   having	   been	  solved	  from	  two	  organisms,	  Aquifex	  aeolicus	  and	  P.	  aeruginosa,	  two	  models	  how	  PilT	  could	   generate	   retraction	   have	   been	   proposed	   (Forest	   et	   al.,	   2004,	   Misic	   et	   al.,	  2010).	  In	  the	  first	  model,	  PilT	  would	  bind	  the	  N	  termini	  of	  pilin	  subunits	  directly	  and	  with	   a	   ratchet-­‐like	   movement	   “pull”	   the	   assembled	   pilus	   subunits	   back	   into	   the	  inner	  membrane.	  The	  second,	  possibly	  more	   likely	  model,	  suggests	   that	  PilT	  could	  interact	   with	   the	   cytoplasmic	   domain	   of	   a	   protein	   from	   the	   inner	   membrane	  subassembly	   PilM,	   PilN,	   PilO,	   PilP	   complex	   or	   maybe	   PilG.	   This	   interaction	   could	  allow	   the	   conversion	   of	   the	   chemical	   energy	   produced	   by	   ATP	   hydrolysis	   into	  mechanical	   energy	   through	   large	   conformational	   domain	   movements	   in	   PilT,	  resulting	  in	  a	  “scissor-­‐like”	  action	  of	  PilN	  and	  PilO	  which	  could	  move	  the	  machinery	  and	  pull	  pilin	  subunits	  back	  into	  the	  inner	  membrane	  (Misic	  et	  al.,	  2010).	  However	  until	   the	   precise	   interactions	   of	   these	   proteins	   are	   known	   the	   true	  mechanism	   of	  pilus	  retraction	  remains	  speculative.	  	  
1.2.5.2	  Aggregation	  Our	  understanding	  of	  Tfp-­‐mediated	  aggregation	  comes	  from	  the	  structure/function	  analysis	  of	  PilX	  in	  N.	  meningitidis	  (Hélaine	  et	  al.,	  2007).	  When	  bacteria	  interact	  their	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fibres	  establish	  electrostatic	  interactions.	  However,	  as	  suggested	  by	  the	  finding	  that	  
pilT	  mutants	   display	   dramatically	   increased	   aggregation,	   PilT-­‐mediated	   retraction	  works	   against	   formation	   of	   stable	   bacterial	   aggregates.	   It	   was	   proposed	   that	   PilX	  subunits	  within	  the	  fibers	  of	  interacting	  meningococci	  counterbalance	  Tfp-­‐mediated	  retraction,	   by	   bracing	   against	   each	   other	   through	   their	   protruding	   D-­‐regions.	  Multiple	   PilX-­‐PilX	   contacts	   occuring	   along	   the	   length	   of	   interacting	   Tfp	   could	  prevent	  slippage	  of	  pili	  against	  each	  other,	  pulling	  the	  bacteria	  closer	  together	  and	  thus	   explaining	   the	   role	   of	   this	  minor	   pilin	   in	   bacterial	   aggregation	   and	   adhesion.	  Accordingly,	  PilX	  variants	  in	  which	  the	  D-­‐region	  has	  been	  erased	  do	  not	  present	  an	  obstacle	   to	  slippage	  of	  pili	  and	  the	  bacteria	  do	  not	   form	  aggregates	  (Hélaine	  et	  al.,	  2007).	  	  
1.2.5.3	  Competence	  for	  DNA	  transformation	  Transformation	  can	  be	  resolved	  into	  distinct	  steps	  including	  binding	  of	  DNA,	  uptake	  into	  the	  periplasm,	  transport	  across	  the	  inner	  membrane	  and	  finally	  integration	  into	  the	  chromosome.	  DNA	  is	  first	  bound	  at	  the	  surface,	  which	  might	  be	  due	  to	  the	  PilQ	  secretin	  that	  has	  been	  shown	  to	  bind	  DNA	  (Assalkhou	  et	  al.,	  2007,	  Lang	  et	  al.,	  2009),	  or	  to	  the	  pilus	   itself	  although	  it	  has	  not	  been	  conclusively	  shown	  to	  bind	  DNA.	  Tfp	  are	   then	   involved	  at	   the	   level	  of	  DNA	  uptake.	  Although	   it	  appears	  extremely	   likely	  that	  Tfp	   transport	  DNA	  across	   the	  outer	  membrane	   through	   the	  pore	  provided	  by	  the	   secretin	   upon	  pilus	   retraction,	   this	   remains	   to	   be	   formally	   demonstrated.	   The	  periplasmic	   protein	   ComE	   might	   then	   bind	   DNA	   as	   it	   has	   been	   shown	   in	   the	  gonococcus	   (Chen	   and	  Gotschlich,	   2001).	   A	   set	   of	   common	   proteins	   in	   competent	  species,	   that	  are	   found	  for	  example	   in	  B.	  subtilis	  as	  well,	   then	  form	  the	  translocase	  that	   transports	   the	  DNA	  across	   the	   inner	  membrane.	  These	  are	  ComA	  (Facius	  and	  Meyer,	  1993)	  ComL	  and	  Tpc	  (Fussenegger	  et	  al.,	  1996a,	  Fussenegger	  et	  al.,	  1996b).	  In	   the	   final	   step,	   the	   incoming	   DNA	   homologous	   recombination	   into	   the	   host	  chromosome	  is	  completed	  in	  a	  RecA-­‐dependent	  manner,	  which	  also	  requires	  at	  least	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in	  part	  RecBCD,	  RecN,	  and	  RecX	  (Koomey	  and	  Falkow,	  1987,	  Mehr	  and	  Seifert,	  1998,	  Skaar	  et	  al.,	  2002).	  	  
1.2.5.4	  Adhesion	  Finally,	   possibly	   the	   most	   relevant	   Tfp-­‐mediated	   phenotype	   with	   regard	   to	  virulence,	   i.e.	   the	  adhesion	  of	  bacteria	   to	  host	   cells,	   is	   likely	   to	  be	   the	  most	  poorly	  understood.	  It	  remains	  unclear	  whether	  the	  pili	  mediate	  direct	  interaction	  with	  host	  cells	  (as	  for	  example	  P	  pili	  in	  UPEC)	  or	  whether	  they	  increase	  adhesion	  by	  mediating	  the	  formation	  of	  microcolonies	  on	  cells.	  Much	  of	  the	  confusion	  comes	  from	  the	  study	  of	   the	   PilC	   protein,	   also	   important	   for	   Tfp	   biogenesis,	   in	   pathogenic	   Neisseria	  species.	   That	   this	   protein	   plays	   a	   pivotal	   role	   in	   adhesion	   was	   shown	   in	   N.	  
meningitidis	   in	  which	   there	   are	   two	   slightly	   different	  pilC	   alleles.	   In	   contrast	   to	   a	  
pilC2	   mutant	   that	   behaves	   normally,	   a	   pilC1	   mutant	   lacks	   adhesiveness	   while	   all	  other	   Tfp-­‐mediated	   properties	   are	   essentially	   unaffected	   (Nassif	   et	   al.,	   1994,	  Morand	  et	  al.,	  2001).	  An	  electron	  microscopy	  study	  later	  suggested	  that	  PilC	  might	  be	  a	  pilus	   tip-­‐associated	  adhesin,	   similarly	   to	  what	   exists	   in	  pili	   assembled	  by	   the	  chaperone-­‐usher	  pathway	  (Rudel	  et	  al.,	  1995).	  This	  study	  also	  showed	  that	  adhesion	  could	   be	   inhibited	   using	   purified	   PilC.	   However,	   a	   number	   of	   subsequent	   studies	  have	  reported	  contrasting	  findings.	  It	  was	  found	  that	  some	  non-­‐adhesive	  isolates	  of	  
N.	  meningitidis	  had	  high	  PilC	  expression,	  while	  other	  strains	  with	  extremely	  low	  PilC	  expression	  were	   highly	   adhesive	   (Virji	   et	   al.,	   1995).	   Another	   electron	  microscopy	  study	  localized	  PilC	  to	  the	  outer	  membrane,	  and	  failed	  to	  see	  it	  associated	  with	  pili	  (Rahman	  et	  al.,	  1997).	  Another	  gap	  in	  our	  knowledge	  lies	  with	  the	  specific	  binding	  receptor	  of	  human	  cells	  for	   pathogenic	   Neisseria,	   although	   it	   has	   been	   reported	   that	   CD46	   (a	   membrane	  cofactor	  protein)	  could	  play	  a	  role	  in	  this	  process.	  This	  was	  proposed	  as	  purified	  pili	  bound	   this	   protein	   in	   vitro	   and	   this	   binding	   resulted	   in	   induction	   of	   signal	  transduction	   (Kallstrom	  et	   al.,	   1997,	  Kallstrom	  et	   al.,	   1998).	  This	   view	  however	   is	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not	  universally	  accepted	  as	  it	  has	  been	  shown	  that	  pilus-­‐mediated	  adherence	  of	  the	  gonococcus	   occurs	   independently	   of	   CD46	   and	   that	   this	   adherence	   does	   not	  correlate	  with	  its	  expression	  on	  the	  cell	  surface	  (Kirchner	  et	  al.,	  2005,	  Tobiason	  and	  Seifert,	  2001).	  Therefore	  it	  seems	  likely	  that	  some	  other	  host-­‐cell	  component(s)	  play	  at	  least	  some	  role	  as	  the	  receptor	  protein/protein	  complex.	  Finally,	   possibly	   the	   better	   understood	   part	   of	   adhesion	   to	   human	   cells	   is	   the	  passage	   from	  the	   initial	   localized	  adherence	  to	   the	  diffuse	  more	   intimate	  adhesion	  seen	   at	   later	   stages,	   which	   causes	   rearrangements	   in	   the	   host	   cell	   cytoskeleton	  resulting	   in	   the	   formation	  of	   cortical	  plaques	   (Pujol	   et	   al.,	   1999,	  Merz	  et	   al.,	   1999,	  Eugene	  et	  al.,	  2002).	  This	  second	  stage	  of	  adherence	  is	  thought	  to	  begin	  as	  bacteria	  disperse	  from	  the	  initial	  microcolony.	  It	  has	  been	  shown	  in	  the	  meningococcus	  that	  piliation	  is	  then	  lost.	  This	  is	  probably	  the	  result	  of	  pilus	  retraction	  as	  a	  mutant	  in	  the	  
pilT	  gene	  remained	  in	  microcolonies	  and	  did	  not	  progress	  to	  intimate	  attachment	  of	  monolayers	   (Pujol	   et	   al.,	   1999).	   The	   “trigger”	   for	   this	   change	   from	   the	   initial	  attachment	  to	  intimate	  attachment	  is	  as	  yet	  unknown.	  	  
1.3	  A	  systematic	  study	  of	  Tfp	  biology	  in	  unique	  genetic	  background	  As	  discussed	  above,	  we	  are	  still	  to	  understand	  most	  of	  the	  aspects	  of	  Tfp	  biology	  and	  a	   global	   picture	   is	   still	   missing.	   One	   of	   the	   main	   reasons	   for	   our	   fragmentary	  understanding	   of	   Tfp	   biology	   is	   paradoxically	   the	   fact	   that	   these	   fibers	   have	   been	  studied	   in	   many	   bacterial	   species.	   However,	   most	   of	   these	   species	   are	  phylogenetically	   distant,	   and	   in	   studying	   Tfp-­‐mediated	   functions	   very	   different	  assays	  have	  often	  been	  used.	  Therefore,	  different	  and	  hardly	  compatible	  phenotypes	  have	  often	  been	  assigned	   to	  mutants	   in	  genes	  sharing	  high	  sequence	  conservation	  and	   identical	   genomic	   organizations.	   To	   add	   to	   the	   complexity,	   limited	   genetic	  changes	   can	   affect	   Tfp-­‐mediated	   functions	   even	   in	   different	   strains	   in	   the	   same	  species.	   For	   example,	   antigenic	   variation	   in	   pilin	   sequences	   can	   confer	   intrastrain	  variation	   in	   adhesiveness	   (Virji	   et	   al.,	   1993b,	   Nassif	   et	   al.,	   1993,	   Marceau	   et	   al.,	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1995).	  Therefore,	  en	  bloc	  extrapolation	  of	  existing	  results	  to	  other	  species	  (or	  even	  different	  strains	  of	   the	  same	  species)	   is	  risky,	  at	  best.	  This	  prompted	  our	  group	  to	  start	  a	  systematic	  functional	  analysis	  of	  Tfp	  biology	  in	  unique,	  well	  defined	  genetic	  background:	  a	  clinical	  isolate	  of	  the	  human	  pathogen	  N.	  meningitidis.	  	  
1.3.1	   N.	   meningitidis	   is	   a	   good	   model	   organism	   for	   studying	   Tfp	  
biology	  What	  makes	  a	  bacterial	  species	  a	  good	  model	  organism	  for	  a	  systematic	  study	  of	  Tfp	  biology?	   Firstly	   and	   most	   obviously,	   the	   chosen	   species	   must	   express	   these	  organelles	  and	  they	  should	  be	  important	  for	  its	  life	  cycle.	  This	  is	  the	  case	  for	  all	  the	  species	  that	  were	  discussed	  above	  in	  which	  Tfp	  have	  been	  more	  intensively	  studied	  over	   the	   past	   two	   decades.	   Secondly,	   it	   is	   preferable	   that	   Tfp	   mediate	   all	   of	   the	  properties	  that	  have	  been	  usually	  associated	  with	  their	  expression	  (competence	  for	  DNA	   transformation,	   formation	   of	   bacterial	   aggregates,	   twitching	   motility	   and	  adhesion	  to	  a	  defined	  surface).	  This	  is	  not	  the	  case	  for	  many	  of	  the	  above	  organisms.	  For	  example,	  P.	  aeruginosa	  is	  not	  naturally	  competent	  and	  Tfpb-­‐expressing	  bacteria	  (such	  as	  EPEC	  and	  V.	  cholerae)	  have	  not	   formally	  been	  shown	  to	  exhibit	   twitching	  motility.	  Actually,	  as	  mentioned	  above	  no	  PilT	  protein	  is	  found	  in	  Tfpb	  systems	  and	  it	   is	  yet	   to	  be	  shown	  that	  Tfpb	  can	  retract.	   In	  pathogenic	  Neisseria	   species,	  clinical	  isolates	   most	   often	   (but	   not	   always)	   exhibit	   all	   of	   the	   classic	   Tfp-­‐mediated	  properties	   and,	   as	   mentioned	   above,	   Tfp	   thus	   play	   a	   pivotal	   role	   in	   virulence.	  Thirdly,	   it	   is	   very	   important	   that	   the	   chosen	   species	   is	   amenable	   to	   systematic	  genetic	   studies.	   The	  most	   important	   characteristics	   are	   a	   rather	   rapid	   growth	   on	  plates	   and	   easy	   and	   powerful	   genetics.	  N.	  meningitidis	   is	   particularly	   good	   in	   this	  aspect	  since	  it	  has	  a	  generation	  time	  of	  approx.	  20-­‐30	  minutes	  (similar	  to	  E.	  coli)	  and	  is	  naturally	  competent	  for	  DNA	  transformation,	  which	  makes	  the	  creation	  of	  defined	  mutants	   fast	   and	   easy.	   The	   meningococcus	   can	   be	   transformed	   with	   both	  chromosomal	  DNA	  or	  PCR	  fragments	  (cloned	  or	  not).	  DNA	  is	  simply	  mixed	  with	  the	  bacterium	  in	  liquid	  medium	  (the	  only	  requirement	  being	  the	  presence	  of	  Mg2+)	  and	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it	   integrates	   in	   its	   genome	   by	   allelic	   exchange.	   Interestingly,	   unlike	   most	   other	  naturally	   competent	   species,	   the	   pathogenic	   Neisseria	   are	   naturally	   competent	  throughout	   their	   growth	   cycle,	   suggesting	   that	   Tfp	   are	   constitutively	   expressed.	  Finally,	   the	   genome	   sequence	   of	   the	   chosen	   species	   should	   be	   sequenced	   and	  relatively	   small	   to	   avoid	   possible	   functional	   redundancies	   that	   might	   hinder	  phenotypic	  analysis.	  For	  example,	   the	  6.2	  Mbp	  genome	  of	  P.	  aeruginosa	   (Stover	  et	  al.,	  2000),	  contains	  entire	  sets	  of	  genes	  encoding	  closely	  related	  proteins	  involved	  in	  biogenesis	   of	   Tfpa,	   Tfpb	   (de	   Bentzmann	   et	   al.,	   2006),	   and	   type	   II	   secretion,	   along	  with	  many	  other	  secretion	  systems.	  In	  contrast,	  meningococci	  have	  relatively	  small	  genomes	   of	   around	   2.1-­‐2.2	  Mbp	   containing	   less	   than	   2,000	   genes	   (Tettelin	   et	   al.,	  2000,	  Parkhill	  et	  al.,	  2000,	  Bentley	  et	  al.,	  2007,	  Schoen	  et	  al.,	  2008,	  Peng	  et	  al.,	  2007),	  and	  only	  one	  set	  of	  genes	  coding	  for	  Tfpa.	  All	  the	  above	  reasons	  make	  pathogenic	  Neisseria	  species	  good	  model	  organisms	  for	  studying	  Tfp,	  which	  prompted	  our	  group	  that	  works	  with	  N.	  meningitidis	   to	  start	  a	  systematic	   functional	   analysis	   of	   Tfp	   biology	   in	   this	   species.	   However,	   due	   to	   the	  extreme	  inter-­‐strain	  variability	  in	  meningococci,	  not	  all	  of	  the	  N.	  meningitidis	  strains	  are	   suitable	   for	   such	   an	   effort.	   For	   example,	   the	   sequenced	   serogroup	   A	   strain	  Z2491	  is	  non-­‐piliated	  and	  the	  FAM18	  is	  also	  likely	  to	  be	  non-­‐piliated	  as	  the	  pilQ	  gene	  contains	  a	  frameshift	  mutation.	  Therefore	  the	  organism	  that	  was	  chosen	  is	  a	  variant	  of	  N.	  meningitidis	  8013,	  which	  was	  recently	  sequenced	  (Rusniok	  et	  al.,	  2009).	  This	  clinical	  isolate,	  that	  was	  originally	  isolated	  at	  the	  Institute	  Pasteur	  in	  1989	  from	  a	  57	  year	  old	  male,	  is	  a	  serogroup	  C	  strain	  belonging	  to	  the	  ST-­‐18	  clonal	  complex,	  which	  is	   often	   associated	   with	   meningococcal	   disease	   in	   central	   and	   eastern	   European	  countries	   (Rusniok	   et	   al.,	   2009).	   The	   variant	   that	  was	  used,	   that	   is	   also	   known	  as	  clone	  12	  of	  2C43	  (Nassif	  et	  al.,	  1993),	  encodes	  a	  highly	  adhesive	  pilin	  and	  has	  been	  extensively	   used	   to	   study	   one	   aspect	   of	   Tfp	   biology,	   i.e.	   Tfp-­‐mediated	   adhesion.	  Many	  of	   the	   results	   concerning	  Tfp-­‐mediated	  adhesion	   in	  meningococci	   that	  were	  mentioned	   in	   this	   introduction	   come	   from	   studies	   performed	   in	   this	   strain.	   The	  8013	   strain	   is	   encapsulated	   and	   lacks	   opacity	   proteins	   that	   are	   another	   family	   of	  proteins	  mediating	  adhesion	  in	  meningococci	  in	  the	  absence	  of	  a	  capsule	  (Virji	  et	  al.,	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1993a,	   Dehio	   et	   al.,	   1998).	   It	   is	   highly	   piliated	   and	   exhibits	   all	   Tfp-­‐mediated	  functions,	   i.e.	   twitching	  motility,	   competence	   for	  DNA	   transformation,	   aggregation	  and	  adhesion	  to	  human	  epithelial	  and	  endothelial	  cells.	  Strain	   8013	   is	   particularly	   well	   suited	   for	   a	   systematic	   analysis	   of	   Tfp	   biology	  because	   of	   two	   resources	   that	   were	   developed	   using	   it.	   Firstly,	   a	   monoclonal	  antibody,	   called	   20D9,	   was	   developed	   specifically	   using	   this	   strain’s	   fibers	   as	   an	  antigen	  and	  is	  likely	  to	  be	  without	  equivalent	  in	  the	  field.	  This	  antibody	  recognizes	  very	  efficiently	  the	  Tfp	  of	  strain	  8013	  and	  allows	  their	  visualization	  by	  IF	  (see	  Figure	  1.1)	   and	   precise	   quantification	   by	   a	   whole-­‐cell	   ELISA	   (Hélaine	   et	   al.,	   2005).	  Secondly,	  our	  group	  has	  designed	  in	  this	  strain	  the	  NeMeSys	  toolbox	  for	  large-­‐scale	  identification	  of	  gene	  function.	  NeMeSys	  designates	  the	  toolbox	  created	  for	  Neisseria	  
meningitidis	  systematic	  functional	  analysis	  (Rusniok	  et	  al.,	  2009),	  which	  consists	  of	  several	  modules	   stored	   in	   a	   publicly	   accessible	   online	   database.	   (i)	   The	   complete	  genome	   sequence	   of	   strain	   8013	   that	   has	   been	   manually	   annotated,	   which	   is	   a	  significant	  added	  value.	  (ii)	  A	  large	  library	  of	  defined	  mutants	  in	  which	  almost	  60%	  of	   the	   non-­‐essential	   genes	   were	  mutated	   (Geoffroy	   et	   al.,	   2003),	   allowing	   whole-­‐genome	   functional	   screens	   to	   be	   performed.	   (iii)	   8	   additional	   Neisseria	   genome	  sequences	   from	   the	  databases	   that	   have	   also	   been	  manually	   (re)annotated,	  which	  facilitate	  comparative	  genomics.	  	  
1.3.2	  Aims	  of	  this	  study	  NeMeSys	  has	  been	  previously	  used	  in	  our	  group	  to	  identify	  and	  further	  characterize	  all	  the	  genes	  important	  for	  Tfp	  biogenesis	  in	  the	  meningococcus,	  which	  led	  to	  results	  that	   improved	   our	   overall	   understanding	   of	   Tfp	   biogenesis	   and	   have	   been	  extensively	  discussed	  previously	  (Carbonnelle	  et	  al.,	  2005,	  Carbonnelle	  et	  al.,	  2006).	  It	  was	  also	  used	   for	   the	   identification	  and	  characterization	  of	   the	  accessory	  minor	  pilin	  PilX,	  which	  led	  to	  a	  molecular	  model	  explaining	  how	  Tfp-­‐mediated	  aggregation	  might	   occur	   (Hélaine	   et	   al.,	   2005,	   Hélaine	   et	   al.,	   2007).	   These	   latter	   studies	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confirmed	  the	  importance	  of	  identifying	  and	  studying	  Tfp	  accessory	  proteins,	  as	  this	  may	   lead	   to	   important	   advances	   in	   our	   understanding	   of	   Tfp-­‐mediated	   functions,	  and	   prompted	   us	   to	   start	   the	  work	   described	   in	   this	   thesis	  whose	   aims	  were	   the	  following.	  The	   overall	   aim	   of	   this	   project	   was	   to	   extend	   upon	   the	   initial	   studies	   described	  above	   with	   regard	   to	   N.	   meningitidis	   8013	   Tfp	   biogenesis	   genes	   and	   that	   of	   the	  accessory	  gene	  pilX	  to	  the	  other	  Tfp	  “accessory”	  genes	  that	  have	  been	  identified	  for	  our	  model	  organism.	  Utilizing	  the	  accessory	  gene	  mutants	  that	  are	  already	  available	  in	  our	  laboratory,	  I	  wanted	  to	  perform	  a	  systematic	  phenotypic	  characterization	  of	  these	   mutants	   with	   regard	   to	   piliation	   and	   each	   Tfp-­‐mediated	   function	   using	   a	  battery	   of	   quantitative	   and	   qualitative	   assays.	   This	   would	   also	   include	   the	  determination	   of	   the	   effects	   of	   overexpression	   of	   accessory	   genes	   in	   different	  accessory	   gene	   mutant	   backgrounds.	   These	   studies	   were	   expected	   to	   provide	   a	  wealth	   of	   information	   concerning	   these	   protein’s	   functions	   and	   provide	   the	  necessary	  basis	  for	  their	  further	  detailed	  investigations.	  In	  parallel	  to	  this	  I	  tried	  to	  further	   characterize	   one	   of	   these	   proteins,	   PilZ,	   by	   attempting	   to	   uncover	   its	  subcellular	  localization	  and	  by	  purifying	  the	  protein	  to	  uncover	  its	  structure,	  which	  would	   aid	   in	   determining	   how	   this	   protein	   plays	   its	   role	   in	   Tfp	   functionality.	   The	  final	  aim	  was	  to	  attempt	  to	  improve	  upon	  the	  current	  pilus	  purification	  methods	  by	  producing	  a	  His-­‐tagged	  PilE	  pilus	   fibre,	  and	  attempting	  to	  purify	  this	  using	  affinity	  chromatography	  techniques.	  This	  could	  be	  useful	  in	  our	  attempts	  to	  determine	  what	  the	  pilus	  fibre	  actually	  consists	  of.	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2.1	  Bacterial	  strains	  and	  growth	  conditions	  
Escherichia	   coli	   strains	   used	   in	   this	   study	  were	  TOP10	   (Invitrogen)	   and	  DH5α	   for	  cloning	  and	  BL21	  (DE3)	  for	  protein	  expression.	  E.	  coli	  was	  usually	  grown	  at	  37°C	  in	  liquid	  Luria-­‐Bertani	  (LB)	  medium	  (prepared	  by	  dissolving	  25	  g	  of	  LB	  broth	  in	  1	  L	  of	  ddH2O	   before	   sterilization	   by	   autoclaving,	  Merck	  Biosciences)	  with	   agitation	   (200	  rpm)	  or	  on	  LB-­‐Agar	  plates	  (prepared	  by	  dissolving	  37	  g	  of	  LB	  agar	  in	  1	  L	  of	  ddH2O	  by	  autoclaving	  before	  pouring,	  Merck	  Biosciences).	  LB	  medium	  was	  supplemented,	  when	   appropriate,	   with	   100	   µg.ml-­‐1	   ampicillin,	   100	   µg.ml-­‐1	   spectinomycin	   and	   50	  µg.ml-­‐1	  kanamycin	  for	  antibiotic	  selection.	  For	  protein	  purification,	  E.	  coli	  was	  grown	  at	   37°C	   in	   Rich	   broth	   containing	   10	   mM	   glucose	   (prepared	   by	   dissolving	   10	   g	  tryptone,	   5	   g	   yeast	   extract,	   5	   g	   NaCl	   and	   2	   g	   glucose	   in	   1	   L	   of	   ddH2O	   before	  sterilization	  by	  autoclaving)	  shaking	  at	  200	  rpm.	  All	  meningococcal	   strains	  used	   in	   this	   study	   are	   listed	   in	  Table	  2.1.	   They	  were	   all	  derived	   from	   the	   clinical	   isolate	  N.	  meningitidis	   8013	   (also	   known	   as	   clone	   12	   or	  2C43).	  This	  serogroup	  C	  strain	  that	  belongs	  to	  the	  ST-­‐18	  clonal	  complex	  contains	  a	  highly-­‐adhesive	  pilin	  variant,	  is	  encapsulated,	  lacks	  opacity	  proteins	  and	  its	  genome	  sequence	  has	  recently	  been	  determined	  in	  our	  group	  (Nassif	  et	  al.,	  1993,	  Rusniok	  et	  al.,	  2009).	  N.	  meningitidis	  was	  grown	  at	  37°C	  in	  a	  moist	  atmosphere	  containing	  5%	  CO2	  on	  GCB	  agar-­‐plates	  (prepared	  by	  dissolving	  36.25	  g	  of	  GC	  medium	  base	  and	  5	  g	  	  of	  Bacto	  Agar	  in	  1	  L	  of	  ddH2O,	  Difco)	  that	  contained	  the	  following	  three	  supplements	  that	   were	   all	   prepared	   and	   filter-­‐sterilized	   before	   adding	   to	   GCB	   agar	   that	   was	  cooled	  to	  55°C	  before	  pouring;	  	  Supplement	  1:	  prepared	  by	  dissolving	  400	  g	  Glucose	  and	  20	  mg	  Thiamine	  in	  1	  L	  of	  MilliQ	  H2O,	  added	  to	  a	  final	  concentration	  of	  1%	  in	  the	  media;	  Supplement	  2:	  prepared	  by	  dissolving	  5	  g	  of	  Fe(NO3)4	   in	  1	  L	  of	  MilliQ	  H2O,	  added	   to	   a	   final	   concentration	   of	   0.1%	   in	   the	  media;	   Supplement	   3:	   prepared	   by	  dissolving	  10	  g	  of	  L-­‐glutamine	  in	  1	  L	  of	  MilliQ	  H2O,	  added	  to	  a	  final	  concentration	  of	  1%	  in	   the	  media.	  When	  necessary,	  3	  µg.ml-­‐1	  erythromycin,	  100	  µg.ml-­‐1	  kanamycin,	  60	   µg.ml-­‐1	   spectinomycin	   and	   5	   µg.ml-­‐1	   rifampicin	   were	   added	   for	   antibiotic	  selection.	  A	  liquid	  version	  of	  the	  GCB	  medium	  (prepared	  by	  dissolving	  15	  g	  Proteose	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peptone,	  4	  g	  K2HPO4,	  1	  g	  KH2PO4	  and	  5	  g	  NaCl	  in	  1	  L	  of	  ddH2O	  before	  sterilization	  by	  autoclaving)	  was	   the	  basis	   for	  preparing	  glycerol	   stocks	  and	   for	   transformation	  of	  the	  meningococcus.	  The	  pilT,	  pilT2,	  pilU,	  pilV,	  pilX,	   and	  pilZ	  mutants	  came	   from	  the	  NeMeSys	   library	  of	  defined	   transposition	   mutants	   constructed	   previously	   in	   our	   group	   by	   in	   vitro	  transposition	  (Pelicic	  et	  al.,	  2000,	  Geoffroy	  et	  al.,	  2003,	  Rusniok	  et	  al.,	  2009).	  A	  comP	  and	  a	  further	  set	  of	  pilT	  and	  pilV	  mutants	  were	  generated	  previously	  by	  cloning	  of	  spectinomycin	  or	  erythromycin	  cassette	   into	  the	  corresponding	  genes	  (Pujol	  et	  al.,	  1999).	  I	   created	   a	   second	   comP	   mutant	   that	   is	   kanamycin	   resistant	   using	   an	   in	   vitro	  transposition	  mutagenesis	  method	  previously	  developed	  in	  our	  group	  (Pelicic	  et	  al.,	  2000).	  To	  do	  this,	   the	  comP	  gene	  was	  previously	  cloned	   into	  a	  pCR®8/GW/TOPO®	  by	  amplifying	  the	  native	  gene	  using	  specific	  primers,	  before	  ligating	  into	  the	  TOPO	  vector	   	   (Invitrogen),	   (see	   section	   2.2.2.	   for	   details)	   to	   create	   plasmid	   pYU95.	   The	  sequence	  of	  the	  comP	  gene	  was	  confirmed	  by	  sequencing.	  pYU95	  was	  then	  subjected	  to	   random	   transposon	   mutagenesis	   using	   a	   mini-­‐transposon	   (consisting	   of	   the	  inverted	  repeats	  of	  Himar	  1	  mariner	  flanking	  a	  kanamycin	  resistance	  cassette	  and	  a	  
N.	  meningitidis	  uptake	  sequence)	  in	  the	  presence	  of	  purified	  transposase.	  To	  do	  this	  100	  fmol	  of	  each	  of	  the	  donor	  plasmid,	  pYU29	  (which	  contains	  the	  mini-­‐transposon)	  and	  the	  recipient	  plasmid	  pYU95	  were	  mixed	  along	  with,	  2	  µl	  of	  NEB	  buffer	  4,	  1	  µl	  
Himar1	  mariner	  transposase,	  the	  reaction	  was	  completed	  to	  a	  final	  volume	  of	  20	  µl	  with	  MilliQ	  water.	   	  This	  reaction	  mix	  was	   incubated	  at	  37	  °C	   in	  a	  water	  bath	  O/N.	  For	  transformation	  2.5	  µl	  of	  the	  transposition	  reaction	  was	  then	  transformed	  into	  E.	  
coli	   DH5α	   and	   transformants	   containing	   target	   plasmids	   containing	   a	   transposon	  insertion	  were	  selected	   for	  on	  LB	  plates	  containing	  spectinomycin	  and	  kanamycin.	  Plasmids	  recovered	  by	  miniprep	  were	  analyzed	  by	  PCR	  with	   the	  comPind	  F	  and	  R	  primers	  paired	  with	  either	  ISL	  or	  ISR	  (which	  read	  out	  from	  the	  mini-­‐transposon)	  to	  determine	  whether	  the	  insertion	  of	  the	  transposon	  occurred	  in	  the	  comP	  gene.	  One	  clone	   had	   a	   transposon	   in	   the	   N-­‐terminus	   of	   the	   gene	   and	   was	   selected.	   The	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linearized	   plasmid	   was	   then	   used	   to	   transform	   N.	   meningitidis	   8013	   and	  transformants	   were	   selected	   on	   plates	   containing	   kanamycin.	   Homologous	  recombination	  in	  the	  comP	   locus	  was	  confirmed	  by	  PCR	  using	  the	  comP-­deltaF	  and	  
comPInd	  R	  primers.	  To	   reduce	   the	  possibility	   of	   secondary	   variation	   each	  of	   these	  mutations	  were	   re-­‐transformed	  into	  the	  WT	  N.	  meningitidis	  8013	  strain.	  The	  pilE	  gene	  in	  each	  mutant	  was	  sequenced	  and	  found	  to	  be	  unchanged.	  Glycerol	  stocks	  were	  prepared	  for	  those	  mutants	   and	   stored	   at	   -­‐80°C.	   All	   experiments	   were	   then	   completed	   using	   these	  glycerol	  stocks.	  Double	  mutants	  containing	  a	  concurrent	  mutation	  in	  the	  pilT	  gene	  were	  created	  by	  transforming	   pilT2,	   pilU,	   pilV,	   pilX	   and	   pilZ	   mutant	   strains	   with	   the	   chromosomal	  DNA	   extracted	   from	   an	   erythromycin-­‐resistant	   pilT	   mutant.	   Despite	   repeated	  attempts,	  by	  co-­‐transforming	  both	  comP	  and	  pilT	  mutant	  chromosomal	  DNA,	  I	  failed	  to	  create	  the	  comP/pilT	  double	  mutant.	  To	   complement	   the	   above	   mutants,	   I	   placed	   the	   corresponding	   genes	   under	   the	  control	   of	   an	   isopropyl-­‐β-­‐D-­‐thiogalactopyranoside	   (IPTG)	   –	   inducible	   promoter	  using	   the	   pGCC4	   vector	   (Mehr	   et	   al.,	   2000). This	   vector	   contains	   a	   DNA	   fragment	  corresponding	  to	  an	  intragenic	  region	  of	  the	  gonococcal	  chromosome	  conserved	  in	  
N.	  meningitidis	  that	  allows	  for	  homologous	  recombination	  of	  the	  inserted	  gene	  into	  the	   chromosome.	   In	   this	   region	   there	   is	   a	  unique	  PacI	   cloning	   site	   that	   allows	   the	  placement	   of	   a	   gene	   to	   be	   under	   the	   control	   of	   an	   IPTG-­‐inducible	   promoter	   (that	  works	  as	  well	  in	  N.	  meningitidis	  as	  E.	  coli).	  The	  plasmid	  also	  contains	  two	  antibiotic	  resistance	  cassettes	   to	  allow	   for	   selection,	   a	  kanamycin	  cassette	   for	   selection	   in	  E.	  
coli	  and	  an	  erythromycin	  cassette	  for	  selection	  in	  N.	  meningitidis.	  In	  brief,	  each	  of	  the	  genes	   was	   amplified	   by	   PCR	   using	   specifically	   designed	   primers	   ("Ind	   series"	  primers	  in	  Table	  2.3)	  to	  allow	  its	  cloning	  into	  the	  pGCC4	  vector	  in	  the	  unique	  PacI	  restriction	  site.	   In	  each	  case	  the	  PCR	  fragment	  was	  cloned	  into	  pCR®8/GW/TOPO®	  and	  the	  insert	  sequenced	  to	  confirm	  no	  error	  was	  introduced	  during	  PCR.	  The	  insert	  extracted	  after	  digesting	  with	  PacI	  was	  sub-­‐cloned	   into	  pGCC4	  that	  was	  cut	  by	  the	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same	   enzyme.	   The	   resulting	   recombinant	   plasmids	   were	   then	   linearized	   by	   NotI	  restriction	  and	  used	   to	   transform	   the	  WT	  strains	   to	   create	   erythromycin	   resistant	  strains	  with	  an	  additional	  IPTG-­‐inducible	  allele.	  Subsequently	  the	  desired	  mutations	  were	  introduced	  in	  these	  strains	  by	  transformation	  using	  the	  chromosomal	  DNA	  of	  the	  kanamycin-­‐resistant	  mutant	  strains.	  All	  insertions	  were	  confirmed	  by	  PCR.	  The	  presence	   of	   mutated	   genes	   was	   confirmed	   using	   the	   suitable	   deltaF	   and	   IndR	  primers,	   whilst	   introduction	   of	   inducible	   alleles	  was	   confirmed	   using	   lacPext	   and	  suitable	  IndR	  primers.	  This	   strategy	  was	  also	  used	   to	  design	  strains	  producing	  His-­‐tagged	  pilZ	   allele.	  The	  only	  difference	  between	  the	  two	  strategies	  was	  that	  a	  sequence	  encoding	  6xHis	  was	  added	  in	  the	  forward	  (pilZHisN)	  or	  reverse	  (pilZHisC)	  primers.	  	  
Table	  2.1	  N.	  meningitidis	  strains	  used	  in	  this	  study	  
Strain	   Comment	   Antibiotic	  resistance*	   Source/Reference	  8013	   wild-­‐type	  strain	  (WT)	   N/A	   (Nassif	  et	  al.,	  1993)	  
Mutants	  RifR	  8013	  	   spontaneous	  mutant	   RifR	   Group	  collection	  
pilD	   pilD	  mutant	   KanR	   (Geoffroy	  et	  al.,	  2003)	  
pilE	   pilE	  mutant	   KanR	   (Geoffroy	  et	  al.,	  2003)	  
pilT	   pilT	  mutant	   EryR	   (Pujol	  et	  al.,	  1999)	  
pilTa	   pilT	  mutant	   KanR	   (Rusniok	  et	  al.,	  2009)	  
pilT2	   pilT2	  mutant	   KanR	   (Geoffroy	  et	  al.,	  2003)	  
pilU	   pilU	  mutant	   KanR	   (Rusniok	  et	  al.,	  2009)	  
pilV	   pilV	  mutant	   KanR	   (Geoffroy	  et	  al.,	  2003)	  
pilVb	   pilV	  mutant	   SpecR	   Gift	  (X	  Nassif)	  
pilX	   pilX	  mutant	   KanR	   (Geoffroy	  et	  al.,	  2003)	  
pilZ	   pilZ	  mutant	   KanR	   (Geoffroy	  et	  al.,	  2003)	  
comP	   comP	  mutant	   SpecR	   Gift	  (X	  Nassif)	  
comPb	   comP	  mutant	   KanR	   This	  study	  
pilT2/T	   double	  mutant	   KanR,	  EryR	   Group	  collection	  
pilU/T	   double	  mutant	   KanR,	  EryR	   Group	  collection	  
pilV/T	   double	  mutant	   KanR,	  EryR	   Group	  collection	  
pilX/T	   double	  mutant	   KanR,	  EryR	   Group	  collection	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pilZ/T	   double	  mutant	   KanR,	  EryR	   Group	  collection	  
Complemented	  and	  cross-­complemented	  strains	  
comPind	   overexpressing	  ComP	   EryR	   This	  study	  
pilTind	   overexpressing	  PilT	   EryR	   This	  study	  
pilT2ind	   overexpressing	  PilT2	   EryR	   This	  study	  
pilU	  ind	   overexpressing	  PilU	   EryR	   This	  study	  
pilVind	   overexpressing	  PilV	   EryR	   This	  study	  
pilXind	   overexpressing	  PilX	   EryR	   (Hélaine	  et	  al.,	  2005)	  
pilZind	   overexpressing	  PilZ	   EryR	   This	  study	  
pilT::pilTind	   complemented	   KanR,	  EryR	   This	  study	  
pilT::pilT2ind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilT::pilUind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilT2::pilT2ind	   complemented	   KanR,	  EryR	   This	  study	  
pilT2::pilTind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilT2::pilUind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilU::pilUind	   complemented	   KanR,	  EryR	   This	  study	  
pilU::pilTind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilU::pilT2ind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilV::pilVind	   complemented	   KanR,	  EryR	   This	  study	  
pilV::pilXind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilV::comPind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilX::pilXind	   complemented	   KanR,	  EryR	   (Hélaine	  et	  al.,	  2005)	  
pilX::pilVind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilX::pilZind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilX::comPind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
pilZ::pilZind	   complemented	   KanR,	  EryR	   This	  study	  
pilZ::pilXind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
comP::comPind	   complemented	   KanR,	  EryR	   This	  study	  
comP::pilVind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
comP::pilXind	   cross-­‐complemented	   KanR,	  EryR	   This	  study	  
Strains	  expressing	  tagged	  Pil	  proteins	  
pilZ::pilZ6xHisNind	   N-­‐terminally	  His-­‐tagged	  PilZ	  	   KanR,	  EryR	   This	  study	  
pilZ::pilZ6xHisCind	   C-­‐terminally	   His-­‐tagged	  PilZ	   KanR,	  EryR	   This	  study	  
pilE::pilE6xHisind	   C-­‐terminally	   His-­‐tagged	  PilE	  	   KanR,	  EryR	   Group	  collection	  
pilE6xHisGS	   C-­‐terminally	   His-­‐tagged	  PilE	   KanR	   This	  study	  *	  Kan	  =	  Kanamycin,	  Ery	  =	  Erythromycin,	  Rif	  =	  rifampicin,	  Spec	  =	  Spectinomycin	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2.2.	  Recombinant	  DNA	  methods	  	  
2.2.1	  Polymerase	  chain	  reaction	  (PCR)	  PCR	   was	   used	   to	   amplify	   native	   N.	   meningitidis	   genes	   for	   cloning	   or	   to	   analyze	  plasmids	   and	  mutants	   that	   were	   constructed.	   I	   used	   either	   Taq	   DNA	   polymerase	  (New	   England	   Biolabs),	   PfuTurbo	   and	   PfuUltra	   II	   (both	   from	   Stratagene)	   or	  Herculase	   (Agilent)	   as	   directed	   by	   the	   manufacturers.	   Taq	   was	   used	   as	   a	  “workhorse”	   polymerase	   that	   was	   regularly	   used	   for	   colony	   PCR’s	   and	   PCR’s	   to	  confirm	  insertion	  of	  genes	  into	  plasmids	  or	  recombination	  into	  the	  chromosome	  of	  
N.	  meningitidis	  strains.	  It	  was	  also	  used	  to	  prepare	  some	  PCR	  fragments	  for	  cloning	  when	   the	  proofreading	  Pfu	   enzymes	  poorly	   amplified	  gene	  products.	  Either	  of	   the	  
Pfu	   enzymes	  were	  used	   to	  amplify	  genes	   for	  cloning	  because	  of	   their	  high	   fidelity.	  Herculase	  was	  used	  to	  amplify	  longer	  products,	  such	  as	  the	  pilE6xHis	  gene	  splicing	  PCR	  fragment.	  	  The	  reaction	  mixes	  (50	  µl)	  are	  indicated	  in	  the	  following	  Table.	  PCR	  was	  completed	   in	  a	  Thermocycler	  with	   the	   following	  PCR	  cycles.	  An	   initial	   step	  of	  denaturation	  at	  94°C	  for	  5	  minutes,	  followed	  by	  30	  cycles	  consisting	  of	  the	  following	  three	  steps,	  i)	  30	  seconds	  of	  denaturation	  at	  94°C,	  ii)	  30	  seconds	  of	  annealing	  at	  Tm	  -­‐	  10°C	   (Tm	   being	   the	   melting	   temperature	   of	   the	   primers)	   and	   iii)	   1	   minute	   of	  extension	   at	   72°C	   per	   kb	   (for	   fragments	   larger	   than	   2	   kb,	   2	   minutes	   per	   1	   kb	  incubation	  at	  68°C	  was	  used).	  The	  reaction	  ended	  with	  10	  minutes	  of	  extension	  at	  72°C	  (or	  68°C	  for	  PCR	  products	  larger	  than	  2	  kb).	  PCR	  products	  were	  stored	  at	  4°C	  overnight	  or	  at	  -­‐20°C	  for	  longer	  periods.	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Table	  2.2	  PCR	  mixes	  for	  each	  DNA	  polymerase	  
	   Taq	   Pfu	  (both)	   Herculase	  
Buffer	   5	  µl	   5	  µl	   10	  µl	  
dNTP’s	  (25	  mM)	   0.4	  µl	   0.4	  µl	   0.4	  µl	  
Primer	  1	  (25	  µM)	   1	  µl	   1	  µl	   1	  µl	  
Primer	  2	  (25	  µM)	   1	  µl	   1	  µl	   1	  µl	  
DNA	   1	  µl	   1	  µl	   1	  µl	  
Polymerase	   0.5	  µl	   0.5	  µl	   0.5	  µl	  
Milli	  Q	  H2O	   42.1	  µl	   42.1	  µl	   37.1	  µl	  	  Oligonucleotide	  primers	  used	  in	  this	  study	  are	  listed	  in	  Table	  2.3.	  
Table	  2.3	  Primers	  used	  in	  this	  study	  Name	   Sequence	  (5’-­‐>3’)*	  
comP-­‐IndF	   ccTTAATTAAGGAGTAATTTTATACTGATAATCGGGGGTTT	  
comP-­‐IndR	   ccTTAATTAACTACTTAAATAACTTGCAGTCC	  
pilT-­‐IndF	   ccTTAATTAAGGAGTAATTTTATGCAGATTACCGACTTACTC	  
pilT-­‐IndR	   ccTTAATTAATCAGAAACTCATACTTTCGCT	  
pilT2-­‐IndF	   ccTTAATTAAGGAGTAATTTTATGACCGCAAAGGAAGAACTG	  
pilT2-­‐IndR	   ccTTAATTAATCAGAGCAGTTCCAAATCGG	  
pilU-­‐IndF	   ccTTAATTAAGGAGTAATTTTATGAATACCGATAACCTGCAC	  
pilU-­‐IndR	   ccTTAATTAATCAGGAAATGAGGTTGAGAC	  
pilV-­‐IndF	   ccTTAATTAAGGAGTAATTTTATGAAAAACGTTCAAAAAGGC	  	  
pilV-­‐IndR	   ccTTAATTAATTAGTCGAAGCCGGGGCAGGA	  
pilZ-­‐IndF	   ccTTAATTAAGGAGTAATTTTATGTCAGACGGACAAAATATTC	  
pilZ-­‐IndR	   ccTTAATTAATTACATGGTAAACGTAGGTCTGC	  
comP-­‐deltaF	   TAGAGTGGGAAATATGCATACTGTT	  
pilT-­‐deltaF	   AGTTGAAACCCCTCCAGTCA	  
pilT2-­‐deltaF	   GCGGGTTTTTGGTAGAATGG	  
pilU-­‐deltaF	   GGCTACCTTTCCGAACAAGA	  
pilV-­‐deltaF	   TATTCCGCCATTTCCGATAC	  
pilX-­‐deltaF	   TTATCGGGTTACTGCCAAGG	  
pilZ-­‐deltaF	   CCCCCTACGGGTTTCATACT	  
pilZHisN-­‐IndF	   cgcTTAATTAAGGAGTAATTTTATGCACCACCACCACCACCACTCAGACGGACAAAATATTCCG	  
pilZHisC-­‐IndR	   cgcTTAATTAATTAGTGGTGGTGGTGGTGGTGCATGGTAAACGTAGGTCTGC	  
pilZ-­‐c2x-­‐F	   ccGAATTCATGTCAGACGGACAAAATATTC	  
pilZ-­‐c2x-­‐R	   ccCTGCAGTTACATGGTAAACGTAGGTCTGC	  
pilEF	  (M3)	   AAATACCGATGGTCAAATACAT	  
pilER	  (M4)	   TGCAAACCTTTAAAAAGGAAG	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pilE6His	  B	   ggttaattaaggTTAgtggtggtggtggtggtgATCGCGGCAGGTTGACGG	  
pilE6His	  C	   caccaccaccaccaccacTAAccttaattaaccGGTAAATTATACCATAAATTTTAAAT	  
pilE6His	  D	   TTCATCATTCCCGAGTAGGC	  Km6Pac	  (F)	   ccTTAATTAAGCCGTCTGAACCAGCGAACCATTTGAGG	  Km7Pac	  (Rev)	   TTAATTAAGCTTTTTAGACATCTAAATCTAGG	  lacIOP	   CTAGGCACCCCAGGCTTTAC	  lctP	   CCGCTGCTTGCCCTGATGGGTGCGC	  MalE	   GGTCGTCAGACTGTCGATGAAGCC	  PU_48	   CGCCAGGGTTTTCCCAGTCACGAC	  GW1	   GTTGCAACAAATTGATGAGCAATGC	  GW2	   GTTGCAACAAATTGATGAGCAATTA	  ISL	   AATCATTTGAAGGTTGGTACTATA	  ISR	   CGCTCTTGAAGGGAACTATGTTGA	  *Underlined	  sequences	  denote	  restriction	  sites	  for	  cloning.	  	  
2.2.2	  Cloning	  in	  TOPO	  vectors	  Two	  different	  TOPO	  vectors	  (Invitrogen)	  were	  used	  in	  this	  study	  for	  direct	  cloning	  of	  PCR	  fragments.	  These	  were	  the	  pCR®2.1-­‐TOPO®	  and	  pCR®8/GW/TOPO®	  vectors	  (both	   from	   Invitrogen).	  During	  PCR	  overhanging	   adenine	   bases	   are	   added	  by	  Taq	  polymerase	  to	  the	  3’	  ends	  of	  the	  product,	  this	  allows	  direct	  cloning	  of	  PCR	  fragments	  in	   TOPO	   vectors	   that	   have	   complementary	   thymidine	   overhangs.	   If	   the	   gene	   was	  amplified	   using	   Pfu,	   adenine	   bases	   were	   added	   by	   Taq	   polymerase	   to	   facilitate	  ligation	  into	  TOPO	  vectors,	  this	  was	  done	  by	  adding	  5	  µl	  of	  2	  µM	  ATP	  and	  0.5	  µl	  of	  
Taq	  polymerase	  to	  the	  PCR	  reaction,	  before	  incubating	  in	  a	  thermocycler	  at	  72°C	  for	  10	  minutes.	  TOPO	  cloning	  was	  completed	  as	  described	  in	  their	  respective	  manuals.	  Briefly,	  1	  µl	  of	  each	  PCR	  fragment	  was	  incubated	  with	  the	  0.5	  µl	  of	  TOPO	  vector,	  1	  µl	  salt	  solution	  and	  3.5	  µl	  of	  MilliQ	  water	  for	  30	  minutes	  at	  room	  temperature.	  2	  µl	  of	  the	  ligation	  reactions	  were	  then	  transformed	  into	  One	  Shot®	  chemically	  competent	  TOP10	   E.	   coli	   cells	   provided	   in	   the	   TOPO	   TA	   cloning	   kit	   (Invitrogen).	   Universal	  primers	  pairs	  M13	  and	  T7	  or	  GW1	  and	  GW2	  (Table	  2.3)	  were	  used	  for	  sequencing	  the	  inserts.	  Sequencing	  reactions	  were	  setup	  by	  adding	  10ng	  of	  DNA	  per	  100bp	  for	  PCR	  products,	  along	  with	  3.2	  pmole	  of	  a	  specific	  primer	  in	  10	  µl	  total	  volume,	  these	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were	   sent	   to	   MRC	   Clinical	   Sciences	   Centre	   Genomics	   Core	   Laboratory	   where	   the	  sequencing	  reactions	  were	  completed.	  	  
2.2.3	  Plasmid	  Minipreps	  Plasmid	  mini-­‐preparation	  was	  completed	  by	  alkaline	  lysis	  using	  the	  Macherey-­‐Nagel	  Nucleospin®	  plasmid	  kit	  or	  the	  Sigma	  Gene	  elute	  miniprep	  kit.	  The	  minipreps	  were	  carried	   out	   using	   very	   similar	   protocols	   as	   described	   in	   the	   manufacturers	  handbooks.	  Prepared	  plasmids	  were	  stored	  at	  -­‐20°C.	  	  
2.2.4	  Plasmid	  Midipreps	  When	   larger	   amounts	   of	   plasmid	  were	   necessary	   (this	   is	   especially	   important	   for	  subsequent	   sub-­‐cloning)	   plasmid	   midi-­‐preparation	   was	   completed	   by	   midiprep,	  using	   the	   QIAfilter	   plasmid	   midi	   kit	   (Qiagen).	   The	   manufacturers	   handbook	   was	  followed	   for	   the	  protocol	  except	   that	   I	  used	  a	  100	  ml	  culture	  volume	  and	  doubled	  the	  buffer	  volumes	  for	  P1,	  P2	  and	  P3	  from	  4	  ml	  to	  8	  ml	  gave	  better	  DNA	  yields.	  	  
2.2.5	  Quantification	  of	  DNA	  concentration	  DNA	   concentrations	   were	   determined	   using	   a	   Nanodrop	   ND-­‐1000	  Spectrophotometer	  (NanoDrop	   Technologies,	   Inc.).	   For	   this	   1.5	   µl	   of	   DNA	   sample	  was	   placed	   on	   the	   nanodrop	   stage	   and	   the	   sample	   was	   analyzed	  spectrophotometrically	   giving	   concentration	   (ng.ml-­‐1)	   and	   purity	   (260nm/280nm	  ratio).	   The	   blank	   used	   in	   each	   case	   was	   the	   buffer	   in	   which	   the	   DNA	   was	  resuspended.	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2.2.6	  Restriction	  endonuclease	  digestion	  of	  DNA	  Plasmids	  were	  digested	  using	  restriction	  endonucleases	  for	  cloning	  experiments	  or	  to	   linearize	  vectors	  before	   transforming	  N.	  meningitidis.	  Restriction	  endonucleases	  purchased	   from	   New	   England	   Biolabs	   and	   Invitrogen	   were	   used	   in	   this	   study.	  Digests	   were	   completed	   by	   mixing	   1x	   restriction	   endonuclease	   buffer,	   1	   µl	   of	  restriction	  endonuclease	  and	  target	  DNA,	  completed	  to	  a	  volume	  of	  either	  20	  µl	  or	  100	   µl	  with	  Milli	   Q	  water.	   1x	   bovine	   serum	   albumin	   (BSA)	  was	   also	   added	  when	  necessary.	  Digestions	  were	  carried	  out	  (usually	  at	  37°C)	  in	  a	  water	  bath	  from	  2	  to	  20	  hours.	  	  
2.2.7	  Alkaline	  Phosphatase	  treatment	  For	  cloning	  into	  the	  pGCC4	  vector,	  the	  plasmid	  was	  linearized	  by	  PacI	  and	  the	  rAPid	  Alkaline	  Phosphatase	  (AP)	  (Roche)	  was	  used	  to	  remove	  the	  5’	  terminal	  phosphates	  in	   order	   to	   inhibit	   re-­‐ligation	   of	   the	   plasmid.	   AP	   treatment	   was	   carried	   out	   as	  described	  in	  the	  manufacturers	  handbook.	  Briefly,	  1	  µg	  of	  PacI	  digested	  pGCC4	  was	  added	  to	  2	  µl	  of	  10X	  AP	  buffer	  and	  1	  µl	  of	  AP,	  the	  reaction	  completed	  to	  20	  µl	  with	  MilliQ	   water,	   before	   incubating	   at	   37°C	   for	   30	   minutes.	   The	   AP	   treated	   plasmid	  sample	  was	  stored	  at	  -­‐20°C.	  	  
2.2.8	  Agarose	  gel	  electrophoresis	  separation	  of	  DNA	  Purified	  DNA	  was	  normally	  analyzed	  by	  agarose	  gel	  electrophoresis.	  DNA	  samples	  were	   mixed	   with	   a	   6x	   loading	   buffer	   (0.25%	   bromophenol	   blue,	   30%	   glycerol,	  0.25%	  xylene	  cyanol),	  before	  separating	  on	  0.8-­‐1%	  agarose	  gels	  (containing	  SYBR®	  Safe	  at	  a	  1/20,000	  dilution)	  in	  a	  1x	  Tris-­‐Borate-­‐EDTA	  (TBE)	  buffer	  (89	  mM	  Tris,	  89	  mM	  boric	  acid,	  2	  mM	  EDTA,	  pH	  8.3).	  All	  electrophoresis	  was	  completed	  using	  Mini-­‐Sub	  Cell	  GT	  electrophoretic	  system	  (Bio-­‐rad).	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2.2.9	  DNA	  Purification	  using	  PCR	  purification	  and	  gel	  extraction	  kits	  Digested	  plasmids	  and	  PCR	  products	  used	  in	  this	  study	  were	  purified	  directly	  using	  QIAquick	  PCR	  purification	  (Qiagen),	  this	  procedure	  was	  carried	  out	  as	  described	  in	  the	  manufacturer’s	   handbook.	  To	   recover	  DNA	   from	  agarose	   gels	   I	   used	  QIAquick	  gel	   extraction	   (Qiagen).	   Again	   this	   procedure	  was	   carried	   out	   as	   described	   in	   the	  manufacturer’s	  handbook.	  Purified	  DNA	  was	  stored	  at	  -­‐20°C.	  	  
2.2.10	  Ligation	  reactions	  Ligations	   of	   gene	   inserts	   to	   vectors	   were	   carried	   out	   using	   Ready-­‐to-­‐go	   T4	   DNA	  Ligase	   (Amersham	   Biosciences),	   as	   directed	   by	   the	  manufacturers	   guidelines.	   For	  fragments	  with	   cohesive	   ends,	   30	   fmoles	   of	   both	   purified	   insert	   and	   vector	  were	  ligated	  in	  nuclease	  free	  water	  at	  16°C	  for	  45	  minutes.	  Ligations	  were	  stored	  at	  -­‐20°C.	  	  
2.3	  Transformation	  	  
2.3.1	  Preparation	  of	  chemically	  competent	  cells	  The	  Inoue	  method	  was	  used	  to	  prepare	  E.	  coli	  chemically	  competent	  cells	  with	  high	  efficiency	  of	  transformation	  (Inoue	  et	  al.,	  1990).	  A	  colony	  of	  E.	  coli	  from	  a	  plate	  was	  used	  to	  inoculate	  25	  ml	  of	  LB	  in	  a	  250	  ml	  Erlen	  flask	  (this	  allows	  for	  good	  aeration),	  this	  was	  incubated	  for	  6-­‐8	  hours	  at	  37°C	  in	  a	  shaking	  incubator	  agitating	  at	  200	  rpm.	  300	  µl	  of	  this	  preculture	  was	  used	  to	  inoculate	  250	  ml	  of	  LB	  in	  a	  1	  litre	  flask	  (again	  used	  for	  good	  aeration),	  this	  was	  incubated	  at	  20°C	  in	  a	  shaking	  incubator	  agitating	  at	  200	  rpm	  until	  the	  optical	  density	  at	  600	  nm	  (OD600nm)	  reached	  0.5-­‐0.6.	  Once	  the	  required	  OD	  had	  been	  reached	  the	  remainder	  of	   the	  culture	  was	  aliquoted	   into	  50	  ml	   Falcon™	   tubes	   that	   were	   then	   placed	   on	   ice	   for	   10	   minutes.	   The	   tubes	   were	  centrifuged	  at	  2,500	  x	  g	  for	  10	  minutes	  at	  4°C.	  The	  supernatants	  were	  removed,	  and	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the	  pellets	  were	  resuspended	  in	  10	  ml	  of	  cold	  Inoue	  transformation	  buffer	  (ITB)	  (10	  mM	  PIPES	  pH	  6.7,	   55	  mM	  MnCl2.4H2O,	   15	  mM	  CaCl2.2H2O	   and	  250	  mM	  KCl).	   The	  resuspended	  pellets	  were	  pooled	  into	  one	  tube	  and	  centrifuged	  at	  2,500	  x	  g	  for	  10	  minutes	   at	   4°C.	   The	   supernatant	   was	   removed,	   and	   the	   pellet	   was	   resuspended	  slowly	  in	  5	  ml	  of	  cold	  ITB.	  1ml	  of	  DMSO	  was	  then	  added	  and	  the	  sample	  placed	  on	  ice	   for	   10	  minutes.	   100	   µl	   of	   the	   cells	  were	   aliquoted	   into	   sterile	   tubes	   and	   flash	  frozen	  using	  liquid	  nitrogen.	  Competent	  cells	  were	  stored	  at	  -­‐80°C.	  	  
2.3.2	  E.	  coli	  transformation	  To	   transform	   the	   chemically	   competent	  E.	   coli	   cells	  with	   DNA,	   cells	  were	   thawed	  quickly,	  transferred	  to	  a	  pre	  chilled	  15	  ml	  Falcon™	  tube,	  and	  placed	  on	  ice.	  DNA	  was	  added	  to	  the	  tube	  (<5	  µl),	  the	  contents	  were	  mixed	  by	  hand	  and	  then	  allowed	  to	  sit	  on	   ice	   for	   30	  minutes.	   The	   transformation	  mixture	   was	   then	   “heat	   shocked”	   in	   a	  42°C	   water	   bath	   for	   90	   seconds	   and	   transferred	   immediately	   back	   on	   ice	   for	   10	  minutes.	  800	  µl	  of	  LB	  was	  added	  and	  the	  cells	  were	  incubated	  at	  37°C	  for	  45	  min	  in	  a	  shaking	   incubator	   (200	   rpm).	   Two	   different	   aliquots	   (e.g.	   20	   µl	   and	   100	   µl)	  were	  plated	   on	   pre-­‐warmed	   LB	   plates	   containing	   an	   appropriate	   antibiotic,	   these	  were	  then	  incubated	  overnight	  at	  37°C.	  	  
2.3.3	  N.	  meningitidis	  transformation	  
N.	   meningitidis	   is	   naturally	   competent	   for	   DNA	   transformation	   throughout	   its	  growth	  cycle.	  Transformation	  was	  completed	  as	  follows.	  A	  loopful	  of	  bacteria	  grown	  overnight	  on	  a	  plate	  was	  resuspended	  carefully	  in	  1	  ml	  of	  GCB	  Transfo	  (GCB	  liquid	  supplemented	  with	  5	  mM	  MgCl2.6H2O),	  200	  µl	  of	  resuspended	  bacteria	  was	  added	  to	  the	   well	   of	   a	   12	   well	   plate.	   1	   µg	   of	   linearized	   plasmid,	   circular	   plasmid	   or	  chromosomal	   DNA	   was	   then	   added	   to	   the	   well.	   A	   negative	   control	   (with	   water	  added	  instead	  of	  DNA)	  was	  always	  done.	  The	  plate	  was	  then	  sealed	  and	  incubated	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for	  30	  minutes	  at	  37°C,	   in	  a	  moist	  atmosphere	  containing	  5%	  CO2	  under	  agitation.	  1.8ml	   of	   GCB	   transform	   was	   then	   added	   to	   each	   well	   and	   the	   plate	   was	   further	  incubated	   statically	   for	   a	   further	   3	   hours	   at	   37°C.	   Two	   aliquots	   (e.g.	   one	   of	   50	   µl	  another	   of	   100	   µl)	   were	   then	   plated	   on	   GCB	   plates	   containing	   appropriate	  antibiotics	  and	  incubated	  for	  16-­‐24	  hours	  under	  the	  normal	  conditions	  stated	  above.	  Transformants	  were	  re-­‐streaked	  on	  the	  same	  plates	  to	  allow	  for	  further	  analysis.	  	  
2.4	  N.	  meningitidis	  chromosomal	  DNA	  preparation	  The	   preparation	   of	   chromosomal	  DNA	   from	  N.	  meningitidis	  was	   carried	   out	   using	  the	  Wizard®	  Genomic	  DNA	  Purification	  Kit	  (Promega).	  The	  protocol	  followed	  from	  the	   manufacturers	   handbook.	   Briefly,	   a	   loopful	   of	   bacteria	   grown	   on	   plates	  overnight	  was	  lyzed	  by	  resuspending	  in	  600	  µl	  of	  Nuclei	  lysis	  solution	  and	  heated	  to	  80°C	  for	  5	  minutes.	  The	  sample	  was	  cooled	  to	  room	  temperature	  before	  adding	  3	  µl	  of	  RNase	  solution,	  before	  the	  sample	  was	  incubated	  at	  37°C	  for	  45	  minutes.	  Proteins	  were	   then	  precipitated	  by	   the	  addition	  of	  200	  µl	  of	  Protein	  precipitation	   solution,	  mixed	  by	  vigorous	  vortexing	  before	  placing	  on	   ice	   for	  5	  minutes.	  The	  precipitated	  proteins	   were	   removed	   from	   the	   sample	   by	   centrifugation	   at	   13,000	   xg	   for	   2	  minutes.	  The	  supernatant	  was	  carefully	  removed	  and	  aliquoted	  to	  a	  clean	  tube,	  600	  µl	   of	   isopropanol	  was	   added	   precipitate	   the	   DNA.	   The	   sample	  was	   centrifuged	   at	  13,000	  xg	   for	  2	  minutes	   to	  pellet	   the	  DNA,	   the	   supernatant	  was	   removed	  and	   the	  pellet	   was	   subsequently	   washed	   with	   600	   µl	   of	   70%	   ethanol.	   The	   sample	   was	  centrifuged	   once	   more	   at	   13,000	   xg	   for	   2	   minutes	   before	   the	   70%	   ethanol	   was	  removed	   and	   the	  DNA	  pellet	  was	   air-­‐dried	   before	   resuspending	   in	   100	   µl	   of	  DNA	  rehydration	   buffer.	   Samples	   were	   stored	   at	   4°C	   overnight	   or	   at	   -­‐20°C	   for	   longer	  periods.	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2.5	  Preparation	  of	  total	  protein	  extracts	  	  
2.5.1	  Preparation	  of	  total	  protein	  extracts	  from	  E.	  coli	  Total	  protein	  extracts	  were	  prepared	  from	  E.	  coli	  liquid	  cultures	  by	  centrifuging	  1	  ml	  of	   culture	   at	   13,000	   xg	   for	   3-­‐5	   minutes	   before	   removing	   the	   supernatant	   and	  resuspending	   the	   pellet	   in	   10µl	   of	   Laemmli	   buffer	   (Bio-­‐rad)	   per	   0.1	   OD600nm	  absorbance	  unit	  (as	  determined	  spectrophotometrically	  for	  the	  culture).	  	  
2.5.2	  Preparation	  of	  total	  protein	  extracts	  from	  N.	  meningitidis	  Normally	   a	   loopful	   of	   N.	   meningitidis	   grown	   on	   GCB	   agar	   plates	   overnight	   was	  resuspended	   in	  1	  ml	  of	  protein	  extraction	  buffer	  containing;	  0.2	  M	  Tris	  pH	  8.0,	  40	  mM	  EDTA,	  20%	  acetone,	  0.1%	  Triton	  X-­‐100.	  This	  buffer	  was	  prepared	  immediately	  before	  use.	  Following	  resuspension	  the	  tube	  was	  placed	  on	  ice	  for	  15	  minutes,	  and	  then	   centrifuged	   for	   20-­‐30	   seconds	   to	   collect	   the	   cell	   debris.	   500	  µl	   of	   the	   cloudy	  supernatant	  was	  carefully	  removed,	  this	  was	  the	  crude	  total	  cell	  extract.	  This	  extract	  was	   quantified	   by	   Bradford	   assay	   (section	   2.6.1),	   before	   being	   standardized	   to	   a	  suitable	  concentration	  in	  Laemmli	  sample	  buffer	  (Bio-­‐rad),	  and	  then	  boiled	  for	  3-­‐5	  minutes	  in	  a	  heating	  block.	  Samples	  were	  stored	  at	  -­‐20°C.	  For	  Immuno-­‐purification	  experiments	  protein	  extracts	  were	  prepared	  using	  B-­‐PER®	  Bacterial	   Protein	   Extraction	   Reagent	   (Thermo	   scientific),	   this	   is	   a	   non-­‐ionic	  detergent	  in	  a	  20	  mM	  Tris-­‐Cl	  pH	  7.5	  buffer	  that	  allows	  the	  mild	  extraction	  of	  soluble	  protein	   and	   inclusion	   body	   purification	   from	   bacterial	   cell	   lysates.	   This	   was	  completed	   as	   follows,	   bacteria	   grown	   overnight	   on	   plates	   were	   resuspended	  thoroughly	  in	  500	  µl	  of	  B-­‐PER®,	  before	  vortexing	  for	  1	  minute.	  The	  sample	  was	  then	  incubated	  on	  a	  shaking	  platform	  for	  10	  minutes	  at	  room	  temperature.	  The	  sample	  was	  then	  centrifuged	  at	  13,000	  xg	  for	  15	  minutes	  at	  4°C	  to	  pellet	  the	  cell	  debris,	  the	  supernatant	   containing	   the	   soluble	   protein	   fraction	   was	   carefully	   recovered	   and	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quantified	  by	  Bradford	  assay	  (section	  2.6.1).	  Samples	  were	  either	  used	  immediately	  or	  stored	  at	  -­‐20°C	  	  	  	  
	  
2.6	  Analysis	  of	  protein	  samples	  	  
2.6.1	  Protein	  quantification	  Two	  assays	  were	  used,	   the	   first	  being	   the	  Bradford	  assay	   from	  Invitrogen	  and	   the	  second	   Bio-­‐Rad’s	   Protein	   assay.	   Both	   assays	   were	   completed	   as	   directed	   by	  manufacturer’s	   instructions,	   the	  Bradford	  assay	  being	   completed	  as	   the	   “Standard	  3.1	   ml	   assay	   protocol”,	   whilst	   the	   Bio-­‐Rad	   assay	   being	   completed	   as	   the	  “Microassay”.	   Both	   assays	   depend	   upon	   the	   production	   of	   a	   standard	   calibration	  curve	  using	  dilutions	  of	  a	  protein	  of	  known	  concentration	  (here	  BSA).	  	  
2.6.2	  Sodium	  Dodecyl	  Sulphate	  Poly-­Acrylamide	  Gel	  Electrophoresis	  
(SDS-­PAGE)	  SDS-­‐PAGE	   was	   carried	   out	   to	   analyze	   protein	   samples.	   Bio-­‐rad’s	   Mini-­‐PROTEAN	  Tetra	  cell	  system	  was	  used	  for	  all	  SDS-­‐PAGE,	  which	  was	  carried	  out	  as	  described	  in	  manufacturer’s	  handbook	  as	  well	  as	  the	  chapter	  concerning	  “Detection	  and	  analysis	  of	  proteins	  expressed	  from	  cloned	  genes”	  in	  Molecular	  Cloning:	  a	  laboratory	  manual	  (Sambrook	  et	  al.,	  1989).	  10%,	  12%	  and	  15%	  SDS	  PAGE	  gels	  were	  usually	  used	  for	  analysis	   depending	   on	   the	   size	   of	   target	   protein.	   The	   gel	   composition	   for	   a	   15%	  separating	   gel	   and	   5%	   stacking	   gel	   can	   be	   seen	   in	   Table	   2.4.	   Samples	   were	  electrophoresed	  for	  45-­‐60	  minutes	  at	  200V.	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Table	  2.4	  SDS-­PAGE	  gel	  composition	  (volumes	  sufficient	  for	  two	  gels)	  	   15%	  separating	  gel	   5%	  stacking	  gel	  
1.5	  M	  Tris	  (pH	  8.8)	   2.5	  ml	   -­‐	  
1.0	  M	  Tris	  (pH	  6.8)	   -­‐	   0.5	  ml	  
30%	  acrylamide	  mix	   5.0	  ml	   0.67	  ml	  
10%	  SDS	   100	  µl	   -­‐	  
ddH2O	   2.3	  ml	   2.7	  ml	  
10%	  Ammonium	  persulfate	   100	  µl	   40	  µl	  
TEMED	   4	  µl	   4	  µl	  	  
2.6.3	  Tricine	  SDS-­PAGE	  This	   form	  of	   SDS-­‐PAGE	  described	  by	   Schagger	   and	  Vonjagow	   (1987),	   allows	   for	   a	  greater	  resolution	  of	  proteins,	  especially	  small	  proteins	  in	  the	  range	  of	  5-­‐20	  KDa	  and	  was	   used	   solely	   for	   this	   purpose	   (Schagger	   and	  Vonjagow,	   1987).	   The	   differences	  between	  this	  and	  conventional	  SDS-­‐PAGE	  are	  in	  the	  buffers	  used	  for	  electrophoresis	  and	   the	   preparation	   of	   the	   gels	   themselves.	   Two	   buffers	   are	   needed	   for	  electrophoresis.	   The	  Anode	  buffer	   that	  was	  placed	   in	   the	  outside	   tank,	   consists	   of	  	  0.2	  M	  Tris	  pH	  8.9.	  The	  second	  buffer	  is	  the	  cathode	  buffer,	  that	  consists	  of	  0.1	  M	  Tris	  pH	  8.25,	  0.1	  M	  Tricine	  and	  0.1%	  SDS,	  which	  was	  placed	  in	  between	  either	  two	  gels	  or	  one	  gel	  and	  the	  buffer	  dam.	  The	  Gel	  buffer	  consists	  of	  3	  M	  Tris	  pH	  8.45,	  0.3%	  SDS.	  The	  gel	  composition	  for	  a	  15%	  Tricine	  SDS-­‐PAGE	  separating	  gel	  with	  a	  5%	  stacking	  gel	   can	   be	   seen	   in	   Table	   2.5.	   The	   separating	   gel	   was	   poured	   and	   overlaid	   with	  isopropanol.	   This	   was	   then	   allowed	   to	   set	   before	   pouring	   the	   stacking	   gel	   and	  inserting	  the	  well	  combs.	  The	  electrophoresis	  was	  completed	  at	  100-­‐200	  V	  until	  the	  dye	  begins	  to	  come	  out	  of	  the	  bottom	  of	  the	  gel.	  
	   	   	  
	   	  90	  
Table	  2.5	  Tricine	  SDS-­PAGE	  gel	  composition	  (volumes	  sufficient	  for	  two	  gels)	  
	   15%	  separating	  gel	   5%	  stacking	  gel	  
30%	  Acrylamide	  mix	   5.0	  ml	   0.67	  ml	  
Gel	  Buffer	   3.3	  ml	   1.65	  ml	  
ddH2O	   0.7	  ml	   2.65	  ml	  
Glycerol	   1.0	  ml	   -­‐	  
10%	  Ammonium	  persulfate	   100	  µl	   50	  µl	  
TEMED	   10	  µl	   5	  µl	  	  
2.6.4	  Coomassie	  staining	  Gels	  were	  stained	  by	  Coomassie	  using	  Bio-­‐Safe™	  Coomassie	  (Bio-­‐rad),	  as	  directed	  by	  the	  manufacturer.	  Gels	  were	  scanned	  to	  record	  results.	  	  
2.6.5	  Silver	  staining	  Silver	  staining	  of	  SDS-­‐PAGE	  gels	  was	  carried	  out	  using	  the	  Silver	  stain	  plus	  Kit	  (Bio-­‐rad)	  in	  thoroughly	  cleaned	  plastic	  boxes	  (boxes	  cleaned	  with	  soap	  and	  water	  before	  rinsing	  with	  methanol	  and	  finally	  Milli-­‐Q	  water).	  This	  was	  carried	  out	  as	  directed	  by	  the	  manufacturer.	  Gels	  were	  scanned	  to	  record	  results.	  	  
2.6.6	  Western	  blotting	  Western	   blotting	   of	   SDS-­‐PAGE	   gels	   was	   carried	   out	   using	   Bio-­‐Rad’s	   Mini-­‐Trans-­‐Blot®	   electrophoretic	   transfer	   cell	   system.	   The	   transfer	   from	   SDS-­‐PAGE	   gels	   to	  Hybond	  ECL	  nitrocellulose	  membrane	  (Amersham	  Biosciences)	  was	  carried	  out	  as	  described	   in	   the	   Bio-­‐Rad	   handbook.	   Transfer	   was	   completed	   using	   cold	   transfer	  buffer	   (50	   mM	   Tris,	   40	   mM	   glycine,	   0.037%	   SDS	   and	   20%	   isopropanol).	   The	  membrane	   was	   “blocked”	   overnight	   at	   4°C	   in	   blotto	   consisting	   of	   Tris	   buffered	  saline	   (TBS)	   plus	   5%	   skimmed	  milk	   powder.	   The	   detection	   step	   was	   carried	   out	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using	  either	  ECL	  plus	  or	  ECL	  advance	  carried	  out	  as	  described	  in	  the	  ECL	  Plus	  or	  ECL	  advance	   western	   blotting	   system	   handbooks	   (Amersham	   Biosciences).	   In	   this	  system	  the	  chemiluminescent	  signal	  was	  produced	  by	   the	  reaction	  of	   the	  Lumigen	  PS-­‐3	  Acridan	  substrate	  with	  peroxide	  and	  horseradish	  peroxidase	  that	  is	  conjugated	  to	  the	  secondary	  antibody.	  This	  reaction	  results	   in	  an	  excited	  product	  that	  emits	  a	  high	   intensity	  chemiluminescent	  signal	  with	  a	  maximum	  emission	  at	  a	  wavelength	  of	  430	  nm.	  The	  signal	  was	  captured	  using	  Hyperfilm	  ECL	   in	  an	  X-­‐ray	   film	  cassette	  (loaded	  in	  a	  dark	  room)	  and	  developed	  using	  an	  automated	  developer	  (Agfa	  Curix).	  	  
2.7	  Assessment	  of	  the	  piliation	  of	  N.	  meningitidis	  strains	  	  
2.7.1	  Immuno-­fluorescence	  (IF)	  microscopy	  Assessment	   of	   piliation	   was	   routinely	   completed	   by	   IF	   microscopy	   as	   previously	  described	   with	   minor	   modifications	   (Carbonnelle	   et	   al.,	   2005).	   Bacteria	   grown	  overnight	  were	  resuspended	   in	  sterile	  PBS	  and	  heat	  killed	   for	  60	  minutes	  at	  56°C.	  20µl	  of	  each	  bacterial	  suspension	  was	  then	  added	  to	  a	  well	  of	  a	  microscope	  slide	  and	  air-­‐dried.	  All	   the	  remaining	  steps	  are	  completed	   in	  a	  moist	  atmosphere	  to	  prevent	  samples	  from	  drying	  out.	  Bacteria	  were	  fixed	  with	  2.5%	  paraformaldehyde	  (PFA)	  in	  PBS	  for	  20	  minutes,	  neutralized	  for	  5	  minutes	  with	  PBS	  containing	  100	  mM	  glycine	  before	   saturating	  with	  PBS	   containing	  0.02%	  gelatine	   (PBS-­‐Gelatine)	   for	   a	   further	  20	  minutes.	   Tfp	   were	   then	   reacted	   with	   the	  monoclonal	   anti-­‐PilE	   20D9	   antibody	  (Pujol	   et	   al.,	   1997),	   at	   a	   dilution	   of	   1/100	   in	   PBS-­‐Gelatine	   for	   1	   hour	   at	   room	  temperature.	  Wells	   were	   then	   washed	   gently	   5	   times	   with	   PBS,	   before	   adding	   at	  1/100	   dilution	   in	   PBS-­‐Gelatine	   the	   secondary	   goat	   anti-­‐mouse	   antibody,	   which	   is	  fused	   to	   Alexafluor	   488	   (Molecular	   probes).	   In	   this	   solution,	   there	   was	   also	   low	  concentration	  of	  ethidium	  bromide	  to	  label	  the	  meningococcal	  cells.	  This	  reaction	  is	  then	  allowed	  to	  incubate	  for	  a	  further	  hour	  at	  room	  temperature.	  Finally	  the	  wells	  were	  washed	  once	  more	  5	  times	  with	  PBS	  before	  prewarmed	  MOWIOL	  was	  added	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to	   preserve	   florescence,	   before	   the	   coverslips	  were	   affixed.	   Samples	  were	   viewed	  using	  a	  Nikon	  Eclipse	  E600	  microscope,	  with	  the	  40X	  objective	  lens.	  	  
2.7.2	  Classical	  pilus	  preparation	  The	  classical	  pilus	  preparation	  was	  completed	  as	  described	  previously	  (Carbonnelle	  et	  al.,	  2005)	  with	  some	  minor	  modifications.	  Bacteria	  grown	  overnight	  on	  GCB	  agar	  plates	  were	  firstly	  resuspended	  in	  1	  ml	  of	  phosphate	  buffered	  saline	  (PBS)	  by	  gentle	  pipetting	  (this	  ensures	  that	  no	  shearing	  of	  pili	  occurs	  at	  this	  point).	  The	  suspension	  was	   standardized	   to	   a	   given	  OD600nm,	   before	   a	   100	   µl	   aliquot	   removed	   to	   prepare	  CFU	  counts	  to	  confirm	  that	  each	  preparation	  was	  completed	  with	  the	  same	  number	  of	  cells	  (to	  make	  this	  semi-­‐quantitative).	  The	  remainder	  of	  the	  suspension	  was	  then	  heat	   killed	   for	   60	  minutes	   at	   56°C	   and	   centrifuged	   at	   16,000	   xg	   for	   7	  minutes	   (at	  4°C)	   to	   pellet	   the	   cells.	   The	   pellet	   was	   then	   fully	   resuspended	   in	   1	  ml	   of	   0.15	  M	  ethanolamine	   (pH	   10.5)	   by	   pipetting,	   before	   the	   outer	   appendages	   were	   sheared	  from	   the	   bacteria	   by	   vigorously	   vortexing	   the	   samples	   for	   2	   minutes.	   The	   shear	  fraction	  was	  then	  separated	  from	  the	  cell	  debris	  by	  centrifugation	  at	  16,000	  xg	  for	  7	  minutes	  (at	  4°C).	  The	  supernatant	  was	  carefully	  removed	  and	  aliquoted	  into	  a	  clean	  tube,	   before	   adding	   10%	   v/v	   ammonium	   sulphate-­‐saturated	   0.15M	   ethanolamine	  buffer	   (pH	   10.5).	   This	   was	  mixed	   before	   incubating	   at	   room	   temperature	   for	   1-­‐2	  hours	  to	  allow	  precipitation	  of	  pilus	  fibres.	  Following	  incubation,	  the	  samples	  were	  centrifuged	  at	  16,000	  xg	   for	  7	  minutes	   (at	  4°C)	  and	   the	  supernatant	  was	  carefully	  removed	  not	  to	  disturb	  the	  pellet.	  The	  pellet	  was	  then	  washed	  with	  50	  mM	  Tris-­‐Cl	  (pH	   8),	   150	  mM	  NaCl	   buffer,	   by	   adding	   1	  ml	   of	   buffer	   to	   the	   tube,	   vortexing	   the	  sample	   briefly	   before	   centrifuging	   at	   16,000	   xg	   for	   5	   minutes	   (4°C).	   This	   was	  repeated	   twice	   before	   removing	   the	   buffer.	   Finally	   the	   sample	  was	   centrifuged	   at	  16,000	  xg	  for	  3	  minutes	  (4°C)	  to	  remove	  any	  remnants	  of	  the	  buffer,	  before	  adding	  50	  µl	  of	  Milli-­‐Q	  water	  to	  dissolve	  the	  pellet.	  A	  further	  50	  µl	  of	  2x	  SDS-­‐PAGE	  loading	  buffer	  was	  added,	  before	  the	  sample	  was	  readied	  for	  SDS-­‐PAGE	  analysis	  by	  boiling	  for	  3-­‐5	  minutes.	  Samples	  were	  stored	  at	  -­‐20°C	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2.7.3	  Whole-­cell	  ELISA	  quantification	  The	  precise	  quantification	  of	  piliation	  of	  N.	  meningitidis	  strains	  was	  done	  using	  the	  20D9	   antibody	   specific	   for	   the	   8013	   strain’s	   fibres	   by	   a	  whole-­‐cell	   enzyme-­‐linked	  immuno-­‐sorbent	  assay	  (ELISA)	  described	  previously	  (Hélaine	  et	  al.,	  2005).	  Bacteria	  grown	  overnight	  on	  GCB	  agar	  were	  resuspended	  in	  sterile	  PBS,	  then	  adjusted	  to	  an	  OD600nm	   of	   0.1	   (approximately	   1x108	   CFU	   ml-­‐1).	   To	   confirm	   that	   the	   bacterial	  numbers	   were	   the	   same	   for	   each	   suspension,	   viable	   CFU	   counts	   were	   prepared	  using	   the	  method.	   10-­‐fold	   serial	   dilutions	   to	   10-­‐5	  were	   prepared	   for	   each	   sample,	  with	   100	   µl	   of	   the	   10-­‐4	   and	   10-­‐5	   dilutions	   plated	   on	   GCB	   agar	   and	   incubated	  overnight	   as	   usual.	   Counts	   for	   correct	   OD600nm	   0.1	   suspensions	   should	   be	   in	   the	  range	  of	  1x108	  CFU	  ml-­‐1.	  To	  prepare	  the	  ELISA	  plates	  the	  suspensions	  were	  heat-­‐killed	  at	  56°C	  for	  60	  minutes	  before	  being	  serially	  diluted	  in	  two-­‐fold	  dilutions.	  100	  µl	  of	  each	  of	  these	  dilutions	  were	  added	  to	  the	  wells	  of	  96	  well	  plates.	  The	  plates	  were	  incubated	  at	  55°C	  without	  covers	  to	  allow	  evaporation	  of	  the	  PBS.	  The	  plates	  were	  then	  washed	  seven	  times	  in	  PBS	   containing	   0.1%	   Tween	   80	   (wash	   buffer).	   100	   µl	   of	   20D9	   antibody	   diluted	  1/1000	  in	  wash	  buffer	  containing	  5%	  skimmed	  milk	  powder	  (as	  a	  blocking	  agent)	  was	  then	  added	  to	  each	  well.	  The	  plates	  were	  covered	  and	  incubated	  for	  1	  hour	  at	  37°C.	  Following	  this	  incubation,	  the	  plates	  were	  washed	  seven	  times	  with	  the	  wash	  buffer.	   100	   µl	   of	   secondary	   antibody	   (a	   peroxidase-­‐linked	   anti-­‐rabbit	   IgG	   from	  Amersham	   Biosciences)	   diluted	   1/1000	   in	   wash	   buffer	   containing	   5%	   skim	   milk	  was	  then	  added	  to	  each	  well.	  The	  plates	  were	  incubated	  once	  more	  for	  1	  hour	  at	  37	  °C.	   Following	   seven	   additional	   washes	  with	   the	  wash	   buffer,	   100	   µl	   of	   a	   solution	  containing	  o-­‐Phenylenediamine	  dihydrochloride	  (OPD)	  (Sigma)	  was	  added	  to	  each	  well.	  This	  was	  prepared	   freshly	  as	  per	   the	  manufacturer’s	   instructions.	  The	  plates	  were	  covered	  and	  wrapped	  in	  foil	  and	  incubated	  at	  37°C	  for	  20	  minutes.	  The	  results	  were	   then	   read	   at	   450	   nm	   using	   a	   microtitre	   plate	   reader.	   The	   results	   were	  expressed	   as	  piliation	   indexes	   that	  were	  determined	  using	   exponential	   regression	  curves.	  The	  index	  for	  each	  mutant	  was	  calculated	  as	  the	  ratio	  of	  WT	  CFU	  to	  mutant	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CFU	  giving	  an	  OD450nm	  of	  0.4.	  The	  WT	  set	  at	  1	  and	  the	  negative	  control	  (non-­‐piliated	  
pilD	   mutant)	  was	   set	   at	   0.	   A	   value	   of	   less	   than	   1	  would	   indicate	   a	   lower	   level	   of	  piliation	   compared	   to	   the	  WT,	   whilst	   an	   index	   of	   higher	   than	   1	  would	   indicate	   a	  higher	  level	  of	  piliation	  than	  the	  WT.	  	  
2.7.4	  Immuno-­purification	  of	  Tfp	  The	  immuno-­‐purification	  of	  Tfp	  from	  N.	  meningitidis	  8013	  was	  completed	  using	  the	  20D9	  monoclonal	  antibody	  and	  a	  novel	  method	  described	   in	   (Brown	  et	  al.,	  2010).	  For	   each	   preparation	   bacteria	   from	   a	   lawn	   grown	   overnight	   on	   a	   GCB	   agar	   plate	  grown	  were	  resuspended	  carefully	  in	  1	  ml	  of	  sterile	  PBS.	  Bacterial	  suspensions	  were	  then	   standardized	   to	   a	   given	   OD600nm,	   these	   were	   systematically	   checked	   by	   the	  preparation	  of	  CFU	  counts	   (dilutions	   in	   the	   region	  of	  10-­‐6	   –	  10-­‐8	  were	  plated).	  Pili	  were	  then	  sheared	  from	  the	  bacterial	  surface	  by	  vigorously	  vortexing	  each	  tube	  for	  2	  minutes.	   Cells	  were	   then	   separated	   from	   the	   shear	   fraction	   by	   centrifugation	   at	  16,000	  xg	   (at	  4°C),	   the	   shear	   fraction	   (supernatant)	   carefully	   removed	  and	  placed	  into	  a	  clean	  tube,	  the	  cell	  pellet	  was	  discarded.	  The	  samples	  were	  then	  heat-­‐killed	  at	  56°C	   for	   60	   minutes,	   before	   cooling	   back	   to	   room	   temperature.	   20D9	   was	   then	  added	   to	   800	   µl	   of	   each	   shear	   fraction	   at	   a	   dilution	   of	   1/100,	   the	   samples	   were	  incubated	   on	   a	   wheel	   at	   room	   temperature	   for	   2	   hours.	   Protein	   A-­‐coated	  Dynabeads®	   (Invitrogen)	  were	  prepared	   as	  described	  by	   the	  manufacturer	  before	  30	  µl	  of	   the	  bead	  slurry	  (in	  PBS)	  was	  added	  to	  each	  of	   the	  samples	   to	  capture	   the	  antibody-­‐pili	   complexes.	   This	  mixture	  was	   then	   incubated	   for	   a	   further	  hour	   on	   a	  wheel	  at	   room	  temperature.	  The	  samples	  were	  centrifuged	  very	  briefly	   to	   remove	  any	  sample	  from	  the	  lid	  of	  the	  tube	  before	  applying	  the	  sample	  to	  a	  DynaMag™	  spin	  magnet	   (Invitrogen)	   to	   attract	   the	   para-­‐magnetic	   beads	   to	   the	   side	   of	   the	   tube	   so	  that	  the	  unbound	  sample	  could	  be	  removed.	  The	  beads	  were	  then	  washed	  with	  500	  µl	   of	   PBS	   by	   a	   short	   vortexing	   before	   re-­‐applying	   to	   the	   magnet,	   this	   step	   was	  repeated	   four	   more	   times	   before	   all	   of	   the	   buffer	   was	   removed	   and	   the	   beads	  resuspended	   (by	   vortexing)	   in	   30	   µl	   of	   1x	   SDS-­‐PAGE	   loading	   buffer.	   The	   samples	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were	   then	   boiled	   for	   5	  minutes	   to	   separate	   the	   pili	   from	   the	   beads,	   before	   it	  was	  applied	  for	  a	  final	  time	  to	  the	  magnet.	  The	  sample	  was	  carefully	  removed	  and	  stored	  at	  -­‐20°C.	  	  
2.8	  Phenotypic	  analysis	  of	  Tfp-­mediated	  functions	  	  
2.8.1	  Competence	  for	  DNA	  transformation	  Competence	   for	   DNA	   transformation	   was	   quantified	   as	   follows.	   Bacteria	   grown	  overnight	   on	   GCB	   agar	   plates	  were	   resuspended	   in	   room	   temperature	   GCB	   liquid	  medium	   containing	   5	  mM	  MgCl2	   (known	   as	   GCB	   transfo)	   and	   standardized	   to	   an	  OD600nm	   of	   1.	   This	   is	   approximately	   109	   CFU.ml-­‐1,	   which	   was	   assessed	   in	   each	  experiment	   by	   performing	   serial	   dilutions	   and	   CFU	   counts.	   Transformation	  reactions	  were	  completed	  as	  outlined	  above	  (see	  2.3.3)	  using	  1	  µg	  of	  chromosomal	  DNA	   recovered	   from	   an	   N.	   meningitidis	   8013	   mutant	   spontaneously	   resistant	   to	  rifampicin.	   Appropriate	   dilutions	   were	   plated	   on	   GCB	   agar	   plates	   containing	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  5	   µg.ml-­‐1	   rifampicin.	   Transformants	   were	   then	   counted	   and	   the	   results	   were	  expressed	  as	  the	  ratio	  of	  transformants	  /	  recipient	  cells	  (as	  a	  percentage).	  	  
2.8.2	  Bacterial	  aggregation	  To	   determine	   the	   ability	   for	  N.	   meningitidis	   8013	   strains	   to	   form	   aggregates,	   we	  used	   an	   assay	   designed	   previously	   in	   our	   group	   (Hélaine	   et	   al.,	   2005).	   N.	  
meningitidis	   grown	   overnight	   on	   GCB	   plates	   were	   resuspended	   in	   1	   ml	   of	  prewarmed	  RPMI	  containing	  10%	  heat-­‐inactivated	  fetal	  bovine	  serum	  (FBS)	  GOLD	  (PAA	   Laboratories)	   (known	   as	   RPMI-­‐S	   from	   now	   on).	   The	   bacterial	   suspensions	  were	  then	  standardized	  to	  an	  OD600nm	  of	  0.1	  and	  0.02	  before	  aliquots	  were	  added	  to	  the	  wells	  of	  a	  24	  well	  plate.	  These	  plates	  were	   then	   incubated	   for	  2	  hours	  at	  37°C	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under	  usual	  conditions.	  During	  this	  time	  the	  bacteria	  sediment	  to	  the	  bottom	  of	  the	  well	   and	   form	   aggregates	   that	   can	   be	   visualized	   by	   phase-­‐contrast	   microscopy.	  Aggregates	  were	  viewed	  using	  a	  Nikon	  TS100F	  microscope.	  A	  Sony	  HDR-­‐CX11	  high	  definition	   (HD)	  camcorder	  mounted	  on	   the	  microscope	  was	  used	   to	   record	  digital	  images.	  For	  the	  time-­‐course	  experiments	  plates	  were	  removed	  from	  the	  incubator	  at	  regular	  intervals	  to	  record	  images	  using	  the	  camcorder.	  	  
2.8.3	  Twitching	  motility	  To	  determine	  whether	  N.	  meningitidis	   strains	  could	  undergo	  twitching	  motility	  we	  designed	  a	  novel	  assay.	  This	  was	  adapted	  from	  the	  aggregation	  assay	  above,	  where	  standardized	  bacterial	  suspensions	  in	  24-­‐well	  plates	  were	  incubated	  for	  2	  hours	  at	  37°C,	  5%	  CO2	  in	  a	  moist	  atmosphere.	  Instead	  of	  using	  the	  HD	  camcorder	  to	  take	  still	  images,	   we	   recorded	   short	   30	   second	   videos	   of	   the	   aggregates	   to	   show	   the	  movement	   of	   bacteria	  within	   aggregates.	   Twitching	  motility	  was	   also	   assessed	   on	  human	  cells	  using	  the	  same	  set-­‐up.	  	  
2.8.4	  Adhesion	  to	  human	  cells	  The	   ability	   of	  N.	  meningitidis	   to	   adhere	   to	   human	   umbilical	   vein	   endothelial	   cells	  (HUVEC)	  (Lonza)	  was	  quantified	  as	  previously	  described	  (Hélaine	  et	  al.,	  2005).	  105	  HUVEC	  in	  EGM-­‐2	  media	  (Lonza)	  were	  used	  to	  seed	  the	  wells	  of	  a	  24-­‐well	  plate.	  They	  attached	   to	   the	  bottom	  of	   the	  wells	   overnight	   (16	  hours)	   at	  37°C,	  5%	  CO2	   at	  high	  relative	   humidity.	   The	   next	   day,	  N.	   meningitidis	   grown	   overnight	   on	   plates	   were	  gently	  resuspended	  in	  pre-­‐warmed	  RPMI-­‐S	  before	  standardizing	  each	  suspension	  to	  an	   OD600nm	   of	   0.01	   (this	   is	   approximately	   2x107	   CFU.ml-­‐1).	   These	   bacterial	  suspensions	  were	  then	  incubated	  for	  2	  hours	  at	  37°C.	  In	  the	  meantime	  the	  medium	  for	  the	  HUVEC	  in	  a	  24-­‐well	  plate	  was	  replaced	  with	  pre-­‐warmed	  RPMI-­‐S,	  before	  the	  plate	  was	  incubated	  for	  two	  hours.	   In	  some	  experiments	  HUVEC	  were	  fixed	  at	  this	  
	   	   	  
	   	  97	  
stage	  using	  2.5%	  paraformaldehyde	   in	  PBS	   (this	  was	  washed	  out	   before	   infection	  was	  subsequently	  carried	  out).	  The	   infection	   was	   carried	   out	   by	   removing	   the	   media	   from	   the	   HUVEC,	   before	  adding	  1	  ml	  of	  the	  bacterial	  suspension	  to	  the	  wells.	  The	  input	  CFU	  of	  the	  bacterial	  cells	  was	  counted	   for	  each	  experiment	  by	  preparing	  serial	  dilutions	  before	  plating	  100	   µl	   of	   the	   10-­‐4	   and	   10-­‐5	   dilutions	   on	   GCB	   agar	   plates	   that	   were	   incubated	  overnight.	   The	   infection	   was	   completed	   at	   37°C	   for	   30	   minutes,	   before	   unbound	  bacteria	  were	  removed	  by	  replacing	  the	  medium	  3	  times	  with	  pre-­‐warmed	  RPMI-­‐S.	  The	   infection	  was	   then	  continued	  by	   incubating	  at	  37°C	   for	  a	   further	  4	  hours.	  The	  medium	  was	  replaced	  every	  hour.	  At	  the	  end	  of	  the	  infection,	  the	  wells	  were	  washed	  3	  times	  with	  RPMI-­‐S.	  Then	  500	  µl	  of	  PBS	  was	  added	  to	  the	  well,	  the	  well	  was	  scraped	  and	   the	   aliquot	   added	   to	   a	  microfuge	   tube.	   This	   step	  was	   repeated	   to	   remove	   all	  contents	   of	   the	   well.	   These	   suspensions	   were	   then	   diluted	   serially	   to	   10-­‐6	   before	  	  100	   µl	   of	   appropriate	   dilutions	   were	   plated	   on	   GCB	   agar	   plates	   and	   incubated	  overnight	   for	   counting.	   Results	   were	   expressed	   as	   the	   number	   of	   CFU.ml-­‐1	  recovered,	  these	  numbers	  were	  standardized	  to	  an	  inoculum	  of	  107	  cells.	  For	  the	  kinetic	  adhesion	  assay	  for	  the	  pilU	  mutant	  the	  experiment	  was	  carried	  out	  as	  above,	   the	  only	  difference	  being	   that	   the	  experiment	  was	  stopped	  after	  30	  and	  90	  minutes	  of	  infection.	  	  
2.9	  Purification	  of	  PilZ	  
	  
2.9.1	  Testing	  fusion	  protein	  overexpression	  The	  E.	   coli	   (pYU34)	  strain	  was	  grown	  overnight	   in	  LBAMP100	  at	  37°C	  with	  agitation	  (200	  rpm).	  200	  µl	  of	  this	  preculture	  was	  added	  to	  10	  ml	  LBAMP100	  that	  was	  incubated	  at	   37°C	   with	   agitation	   until	   the	   OD600nm	   reached	   0.5.	   Then	   a	   1	   ml	   aliquot	   was	  removed,	   this	   was	   the	   uninduced	   control,	   and	   prepared	   for	   SDS-­‐PAGE	   analysis.	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Samples	  were	  prepared	  by	  resuspending	  pelleted	  cells	  in	  SDS	  loading	  buffer	  (10	  µl	  of	  buffer	  for	  every	  0.1	  unit	  of	  OD600),	  before	  boiling	  them	  for	  3-­‐5	  minutes.	  IPTG	  was	  added	  to	  the	  remaining	  culture	  to	  a	  final	  concentration	  of	  0.3	  mM	  and	  induction	  was	  carried	  out	   at	   37°C	   for	  2	  hours.	  The	  OD600nm	  of	   the	   induced	   culture	  was	   read	   and	  SDS-­‐PAGE	  samples	  were	  produced	  in	  the	  same	  manner	  as	  for	  the	  uninduced	  culture.	  This	  allows	  for	  direct	  comparison	  of	  induced	  and	  uninduced	  samples	  by	  Coomassie	  staining	  of	  gels	  after	  SDS-­‐PAGE.	  	  
2.9.2	  Testing	  fusion	  protein	  solubility	  Soluble	   and	   insoluble	   fractions	   were	   prepared	   as	   described	   in	   the	   pET	   system	  manual	   (Novagen).	  Briefly,	  1	  ml	  sample	   from	  a	   liquid	  culture	  of	  E.	  coli	   centrifuged	  and	  the	  resultant	  cell	  pellet	  resuspended	  in	  a	  lysis	  buffer	  (50	  mM	  Tris-­‐Cl	  pH	  7,	  5%	  glycerol	   and	   50	   mM	   NaCl).	   Chicken	   egg	   white	   lysozyme	   was	   added	   to	   a	   final	  concentration	  of	  1	  mg.ml-­‐1,	  and	  incubated	  at	  room	  temperature	  for	  20	  minutes.	  The	  sample	  was	  then	  sonicated	  for	  2	  minutes	  (in	  15	  second	  pulses)	  at	  60%	  power.	  The	  sonicated	   sample	   was	   then	   centrifuged	   at	   16,000	   xg	   for	   20	   minutes	   (4°C).	   The	  supernatant	  was	  then	  carefully	  removed,	  this	  is	  the	  soluble	  fraction.	  The	  pellet	  was	  resuspended	  in	  lysis	  buffer	  before	  incubating	  once	  more	  with	  lysozyme	  (as	  above)	  to	  complete	  lysis	  and	  then	  washed	  3	  times	  by	  cycles	  of	  resuspension	  in	  lysis	  buffer	  and	  centrifugation	  before	  final	  resuspension	  in	  1%	  SDS,	  this	  is	  the	  insoluble	  fraction.	  Both	   samples	   were	   prepared	   for	   SDS-­‐PAGE	   analysis	   as	   normal	   and	   analyzed	   by	  Coomassie	  staining	  of	  SDS-­‐PAGE	  gels.	  	  	  
2.9.3	  Purification	  of	  MBP-­PilZ	  by	  affinity	  chromatography	  The	  affinity	  chromatography	  purification	  of	  the	  MBP-­‐PilZ	  fusion	  protein	  was	  carried	  out	   as	   stated	   in	   the	   pMAL™	   system	   handbook	   (New	   England	   Biolabs).	   A	   10	   ml	  preculture	  of	  E.	   coli	   (pYU34)	   incubated	  overnight	  at	  37°C	  was	  used	   to	   inoculate	  1	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litre	  of	  Rich	  broth	  containing	  10	  mM	  glucose	  and	  ampicillin	  at	  100	  µg.ml-­‐1.	  This	  was	  incubated	  at	  37°C	   in	  a	  shaking	   incubator	  (200	  rpm)	  until	   the	  OD600nm	  reached	  0.5.	  Then	   IPTG	   was	   added	   to	   a	   final	   concentration	   of	   0.3	   mM.	   The	   culture	   was	   then	  incubated	   at	   37°C	   for	   a	   further	   2	   hours.	   Cells	   were	   harvested	   at	   4,000	   xg	   for	   20	  minutes.	   The	   supernatants	   were	   removed	   and	   the	   pellets	   resuspended	   in	   a	   total	  volume	  of	  50	  ml	  column	  buffer	  (20	  mM	  Tris-­‐Cl	  pH	  7.4,	  200	  mM	  NaCl,	  1	  mM	  EDTA).	  The	  resuspended	  pellets	  were	  then	  frozen	  at	  -­‐20°C	  overnight.	  	  The	   frozen	   sample	   was	   then	   thawed	   in	   cold	   water	   before	   being	   sonicated	   for	   2	  minutes	   in	   15	   second	   cycles	   to	   lyze	   the	   cells.	   Protein	   release	   was	   followed	   by	  Bradford	  assay.	  The	  sample	  was	  then	  centrifuged	  at	  9,000	  x	  g	  for	  30	  minutes	  at	  4°C.	  The	   resultant	   supernatant	   or	   crude	   extract	   was	   collected	   and	   diluted	   1:5	   with	  column	  buffer.	  This	  was	  loaded	  at	  1	  ml.min-­‐1	  onto	  a	  prepared	  amylose	  resin	  column	  for	   gravity	   flow	   or	   MBPTrap	   column	   for	   the	   FPLC	   method	   (both	   columns	   were	  prepared	   by	   washing	   with	   8	   column	   volumes	   of	   column	   buffer).	   Once	   the	   entire	  sample	   was	   loaded,	   the	   column	  was	   washed	   with	   12	   column	   volumes	   of	   column	  buffer	  for	  the	  gravity	  flow	  method	  and	  3	  column	  volumes	  for	  the	  FPLC	  method.	  This	  removes	  all	  the	  contaminants,	  leaving	  only	  the	  bound	  fusion	  protein	  on	  the	  column.	  The	  fusion	  protein	  was	  then	  eluted	  from	  the	  column	  with	  column	  buffer	  containing	  	  10	  mM	  maltose.	  Ten	  3	  ml	   elution	   fractions	  were	   collected,	   the	   fusion	  protein	  was	  eluted	   in	   the	   first	   few	   fractions.	   Each	   fraction	   was	   analyzed	   by	   SDS-­‐PAGE	   and	  Coomassie	   staining.	   The	   fractions	   containing	   the	   fusion	   protein	   were	   quantified	  using	  the	  Bradford	  assay.	  	  
2.9.4	  Factor	  Xa	  proteolysis	  of	  MBP-­PilZ	  	  Purified	  MBP-­‐PilZ	  was	  proteolyzed	  with	  Factor	  Xa	  (New	  England	  Biolabs)	  to	  release	  PilZ	  from	  the	  MBP.	  1	  µg	  of	  Factor	  Xa	  was	  used	  to	  proteolyze	  50	  µg	  of	  fusion	  protein,	  the	  proteolysis	  was	  done	  at	  4°C	   for	  at	   least	  24	  hours.	  Proteolysis	  was	  analyzed	  by	  SDS-­‐PAGE	  and	  Coomassie	  staining.	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2.9.5	  Dialysis	  Dialysis	  of	  protein	  samples	   to	  remove	  maltose	  was	  done	  using	  3,500	  KDa	  Slide-­‐A-­‐Lyzer®	  dialysis	  cassettes	  (Pierce	  Biosciences).	  This	  was	  carried	  out	  as	  described	  by	  the	  manufacturer’s	  handbook.	  	  
2.9.6	  Ion-­Exchange	  chromatography	  Ion-­‐Exchange	   chromatography	   of	   the	   proteolyzed	  MBP-­‐PilZ	   to	   separate	   PilZ	   from	  MBP	  was	  carried	  out	  using	  a	  DEAE	  sepharose	  FF	  HiTRAP	  column	  (GE	  Healthcare).	  The	  buffers	  used	   for	   ion-­‐exchange	   chromatography	  were	  Buffer	  A	   (20	  mM	  Tris-­‐Cl	  pH	  7.4,	  1	  mM	  EDTA,	  25	  mM	  NaCl),	  and	  Buffer	  B	  (20	  mM	  Tris-­‐Cl	  pH	  7.4,	  1	  mM	  EDTA,	  500	  mM	  NaCl).	  Tris-­‐Cl	  pH	  7.4	  was	  also	  replaced	  in	  the	  previous	  buffers	  by	  20	  mM	  Tris-­‐Cl	   pH	   8	   and	   50	   mM	   Diethanolamine	   pH	   9.0	   during	   optimization	   trials.	   All	  buffers	   and	  water	  used	  were	   filtered	  using	  a	  0.2	  µM	   filter.	  The	  DEAE	  column	  was	  prepared	   as	   described	   by	   the	   manufacturer	   and	   loaded,	   via	   syringe,	   with	   the	  proteolyzed	   sample,	   the	   flow	   through	  was	   collected	   for	   analysis.	  This	   column	  was	  attached	  to	  the	  AKTA	  prime	  plus	  FPLC,	  that	  had	  been	  prepared	  by	  system	  wash	  with	  Buffers	  A	   and	  B	   being	   attached	   to	   their	   respective	   lines.	   The	   column	  was	  washed	  with	  25	  ml	  of	  Buffer	  A,	  this	  was	  collected	  as	  1	  ml	  fractions.	  The	  gradient	  from	  25	  mM	  to	  500	  mM	  NaCl	  was	  completed	  over	  a	  volume	  of	  50	  ml	  and	  each	  ml	  collected	  as	  a	  fraction.	  Samples	  were	  then	  assessed	  by	  SDS-­‐PAGE	  and	  Coomassie	  staining.	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2.10	  Purification	  of	  His-­tagged	  PilE	  fibres	  	  
2.10.1	  Inducing	  expression	  of	  PilE6xHis	  by	  the	  pilE/pilE6xHisind	  The	   expression	   of	   His-­‐tagged	   PilE	   from	   the	   pilE6xHisind	   allele	   was	   assessed	   by	  growing	   this	   strain	   on	   GCB	   agar	   plates	   containing	   0,	   10,	   25,	   50,	   200	   and	   250	   µM	  IPTG	   overnight	   at	   37	   °C.	   Protein	   samples	   were	   then	   prepared,	   quantified	   and	  analyzed	  by	  SDS-­‐PAGE	  and	  Western	  blotting.	  	  
2.10.2	  Immuno-­purification	  of	  PilE6xHis	  fibres	  PilE6xHis	   fibres	   were	   immuno-­‐purified	   in	   the	   same	   way	   as	   described	   in	   section	  2.7.4.	  However,	  as	  well	  as	  immuno-­‐purifying	  the	  fibres	  with	  the	  anti-­‐20D9	  antibody,	  I	  also	  used	  an	  anti-­‐Histidine	  Horseradish	  peroxidase	  conjugate	  antibody	  (anti-­‐His-­‐HRP)	   in	  the	  same	  way	  and	  at	   the	  same	  dilution	  (1/100).	  The	  only	  other	  change	   in	  protocol	  was	  that	  50	  µl	  of	  the	  Protein	  A	  Dynabeads®	  were	  used	  for	  both	  antibodies,	  and	  therefore	  the	  protein	  was	  eluted	  in	  50	  µl	  of	  1x	  SDS-­‐PAGE	  loading	  buffer	  for	  SDS-­‐PAGE	  and	  Western	  blotting	  analysis.	  	  
2.10.3	  Testing	  affinity	  purification	  of	  PilE6xHis	  fibres	  To	  test	  the	  binding	  of	  His-­‐tagged	  PilE	  fibres	  to	  Nickel-­‐NTA	  resin	  I	  devised	  a	  small-­‐scale	  binding	  test	  as	  follows.	  The	  pilE6xHisGS	  strain	  was	  grown	  as	  a	  lawn	  overnight	  on	   GCB	   agar	   containing	   kanamycin	   (100	   µg.ml-­‐1)	   as	   usual.	   Bacteria	   were	  resuspended	  in	  a	  Buffer	  A	  (25	  mM	  NaH2PO4	  pH7,	  500	  mM	  NaCl)	  at	  1ml	  of	  buffer	  per	  plate.	  Shear	  fractions	  were	  then	  prepared	  by	  vigorously	  vortexing	  the	  samples	  for	  2	  minutes.	   Shear	   fractions	   were	   then	   separated	   from	   the	   cells	   by	   centrifugation	   at	  16,000	   xg	   (at	   4°C)	   for	  20	  minutes,	   following	   this	   step	  800	  µl	   of	   supernatant	   from	  each	   tube	   was	   carefully	   removed	   and	   aliquoted	   into	   clean	   tubes.	   These	   samples	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were	   then	   heat-­‐killed	   at	   56°C	   for	   60	   minutes	   before	   cooling	   back	   to	   room	  temperature.	   In	   the	   initial	   assay	   the	   pooled	   shear	   fractions	   were	   directly	   passed	  twice	   over	   a	   hand-­‐made	  250	  µl	   bed	   of	   nickel	   resin	   (Ni-­‐NTA	   agarose	   from	  Qiagen,	  prepared	  as	  described	  by	  the	  manufacturer)	  before	  washing	  with	  5	  x	  1	  ml	  fractions	  of	  Buffer	  A.	  In	  the	  second	  binding	  assay,	  however,	  the	  shear	  fractions	  were	  added	  to	  1.5	   ml	   thick-­‐walled	   ultracentrifuge	   tubes,	   balanced	   precisely	   before	  ultracentrifugation	   at	   125,000	   xg	   at	   5°C.	   The	   supernatant	   was	   removed	   and	   the	  pellet	  resuspended	  in	  buffer	  A	  before	  passing	  over	  the	  column	  twice	  and	  washing	  as	  above.	  Following	  the	  washing	  steps	  the	  samples	  were	  eluted	   in	  1	  ml	   fractions	  of	  Buffer	  B	  (Buffer	  A	  +	  1	  M	  imidazole).	  The	  samples	  were	  prepared	  for	  SDS-­‐PAGE	  and	  analyzed	  by	  Coomassie	  staining	  and	  Western	  blotting.	  	  
2.10.4	  Purification	  of	  PilE6xHis	  fibers	  The	  purification	  of	  PilE6xHis	  fibres	  was	  completed	  as	  described	  in	  2.10.3	  above	  with	  a	   few	   modifications.	   The	   buffer	   used	   was	   changed	   to	   Tris-­‐Cl	   as	   the	   addition	   of	  deoxycholate	   to	   the	   sodium-­‐phosphate	   buffer	   resulted	   in	   the	   production	   of	   a	  hydrogel	   that	   could	   not	   pass	   through	   the	   resin.	   Shear	   fractions	  were	   prepared	   as	  above	  in	  30	  mM	  Tris-­‐Cl	  pH	  8.0,	  400	  mM	  NaCl	  buffer.	  The	  heat-­‐killed	  shear	  fractions	  were	   then	   subjected	   to	   ultracentrifugation	   at	   125,000	   xg	   at	   5°C,	   the	   supernatant	  removed	   and	   the	   pellet	   resuspended	   in	   Buffer	   A	   (30	  mM	  Tris-­‐Cl	   pH	   8.0,	   400	  mM	  NaCl	   and	   20	   mM	   imidazole)	   +/-­‐	   detergent	   (0.5	   or	   1%	   Triton	   X-­‐100	   or	   0.5%	  Deoxycholate	  or	  1%	  Tween	  20).	  The	  resuspended	  pellet	  was	  then	  diluted	  to	  a	  total	  of	  3	  ml	  before	  mixing	  on	  a	  wheel	  (in	  a	  securely	  closed	  Bio-­‐rad	  drip-­‐column)	  with	  the	  nickel-­‐resin	  for	  1	  hour	  at	  room	  temperature.	  The	  resin	  was	  allowed	  to	  settle	  before	  the	  flow	  through	  was	  collected	  and	  the	  sample	  washed	  as	  above	  with	  Buffer	  A	  (+/-­‐	  detergent	  depending	  on	  the	  experiment).	  The	  sample	  was	  finally	  washed	  with	  two	  1	  ml	  fractions	  of	  Buffer	  A	  without	  detergent	  before	  elution	  was	  completed	  with	  Buffer	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B	  (30	  mM	  Tris-­‐Cl	  pH	  8.0,	  400	  mM	  NaCl	  and	  250	  mM	  imidazole).	  An	  aliquot	  of	  each	  sample	  was	  then	  prepared	  for	  SDS-­‐PAGE	  and	  silver	  stain	  analysis.	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Chapter	  3:	  A	  systematic	  and	  comprehensive	  phenotypic	  
analysis	  of	  Neisseria	  meningitidis	  mutants	  in	  “accessory”	  
Tfp	  genes	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3.1	  Accessory	  proteins	  in	  N.	  meningitidis:	  definition	  and	  preliminary	  
characterization	  Previous	  systematic	  studies	   in	  our	  group	  have	  defined	  and	  characterized	  16	  genes	  that	  are	  essential,	  and	  probably	  sufficient,	  for	  Tfp	  biogenesis	  in	  our	  model	  organism	  
N.	   meningitidis	   8013	   (Carbonnelle	   et	   al.,	   2005).	   Defining	   genes	   essential	   for	   Tfp	  biogenesis	   is	   straightforward:	   the	   corresponding	  mutants	   are	   non-­‐piliated.	  Hence,	  the	   multiple	   functions	   mediated	   by	   Tfp	   (competence,	   aggregation,	   adhesion	   and	  twitching	  motility)	  are	  abolished.	  However,	  proteins	  not	  involved	  in	  Tfp	  biogenesis,	  which	  we	   refer	   to	   as	   “accessory”,	  might	   also	  play	   crucial	   roles	   in	  Tfp	  biology.	  The	  corresponding	  mutants	  although	  piliated,	  can	  be	  dramatically	  affected	  with	  regard	  to	  Tfp-­‐mediated	  functions.	  The	  best	  studied	  example	  is	  the	  PilT	  protein	  that	  plays	  a	  central	  role	  in	  Tfp-­‐biology	  by	  powering	  pilus	  retraction	  (Merz	  et	  al.,	  2000,	  Skerker	  and	  Berg,	  2001,	  Misic	  et	  al.,	  2010).	  Although	   the	   following	  phenotypic	  screen	  was	  originally	  designed	   to	   identify	  non-­‐piliated	   mutants	   in	   a	   large	   library	   of	   defined	   transposon	   insertion	   mutants,	   two	  mutants	  in	  accessory	  genes	  were	  also	  identified.	  In	  brief,	  mutants	  were	  screened	  by	  phase–contrast	   microscopy	   for	   their	   ability	   to	   form	   aggregates	   in	   liquid	   culture,	  which	   is	   not	   observed	  when	   bacteria	   are	   non-­‐piliated.	   Although	  most	   of	   the	   non-­‐aggregative	   mutants	   that	   were	   identified	   were	   shown	   to	   be	   non-­‐piliated	   by	  immunofluorescence	  (IF)	  microscopy	  (using	  the	  20D9	  monoclonal	  antibody	  raised	  against	   strain	   8013	   Tfp),	   two	   piliated	   mutants	   in	   pilX	   and	   pilZ	   genes	   were	   also	  identified	  (Carbonnelle	  et	  al.,	  2005).	  An	  in-­‐depth	  analysis	  of	  the	  previously	  unknown	  PilX	   led	   to	   a	  molecular	  model	   explaining	   Tfp-­‐mediated	   aggregation,	   in	  which	   PilX	  proteins	  in	  oppositely	  retracting	  pili	  allow	  the	  formation	  of	  bacterial	  aggregates	  by	  slowing	  down	  pilT-­‐mediated	  retraction	  (Hélaine	  et	  al.,	  2005,	  Hélaine	  et	  al.,	  2007).	  This	   suggested	   that	   our	   understanding	   of	   Tfp	   biology	   would	   benefit	   from	   the	  identification	  and	  functional	  characterization	  of	  all	  the	  accessory	  Tfp	  proteins	  in	  our	  model	   organism	  N.	  meningitidis	   8013.	  The	   first	   aim	  of	  my	   thesis	  was	   therefore	   to	  enhance	   the	   previous	   systematic	   studies	   from	   our	   group	   by	   identifying	   all	   the	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proteins	   dispensable	   for	   Tfp	   biogenesis	   that	   could	   play	   a	   role	   in	   Tfp-­‐mediated	  functions	  and	  determine	  through	  an	  exhaustive	  phenotypic	  analysis	  which	  aspect(s)	  of	  Tfp	  biology	  they	  affect.	  	  
3.1.1	  Identifying	  the	  genes	  of	  N.	  meningitidis	  8013	  that	  do	  not	  play	  a	  
role	  in	  Tfp	  biogenesis	  but	  might	  be	  important	  in	  Tfp	  biology	  To	  identify	  all	  the	  accessory	  genes	  dedicated	  to	  Tfp	  biology	  in	  our	  model	  organism,	  we	  used	  a	  biological	  resource	  named	  NeMeSys	  (for	  Neisseria	  meningitidis	  systematic	  functional	  analysis)	  that	  was	  actively	  developed	  in	  our	  group	  at	  that	  time.	  NeMeSys	  is	   a	   publicly	   accessible	   online	   database	   consisting	   of	   the	   (i)	   complete	   genome	  sequence	  of	  strain	  8013,	  (ii)	  8	  manually	  (re)annotated	  Neisseria	  genome	  sequences	  and	   (iii)	   a	   library	   of	   defined	   mutants	   in	   approximately	   60%	   of	   strain	   8013	   non-­‐essential	  genes	  (Rusniok	  et	  al.,	  2009).	  We	   therefore	   utilized	   NeMeSys	   at	   http://www.genoscope.cns.fr/agc/nemesys	   to	  perform	  an	   in-­‐depth	  data	  mining	  of	   the	  genome	  of	   strain	  8013	   (1,967	  genes).	  We	  specifically	   looked	   for	  genes	  encoding	  proteins	   (i)	   showing	   sequence	  homology	   to	  proteins	   playing	   a	   role	   in	   Tfp	   biology	   in	   other	   species	   (other	   than	   the	   16	   genes	  encoding	   Tfp	   biogenesis	   proteins),	   (ii)	   displaying	   sequence	   motifs	   usually	  associated	   with	   proteins	   involved	   in	   Tfp	   biology	   or	   (iii)	   that	   are	   associated	   with	  pilus	  biology	  as	  indicated	  by	  keyword	  searches.	  This	  uncovered	  8	  candidate	  genes,	  including	   the	   two	   already	   identified	   during	   the	   previous	   phenotypic	   screen	  performed	  in	  our	  group,	  i.e.	  comP,	  pilT,	  pilT2,	  pilU,	  pilV,	  pilX,	  pilZ	  and	  NMV_0901.	  The	  following	  table	  summarizes	  the	  main	  features	  of	  the	  corresponding	  proteins.	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Table	  3.1	  Main	  features	  of	  the	  candidate	  "accessory"	  Tfp	  biology	  proteins	  
	  Since	   transposon	   insertion	  mutants	  were	  not	   available	   in	   the	  NeMeSys	   library	   for	  the	   comP,	   pilT,	   pilU	   and	   NMV_0901	   genes	   they	   have	   been	   generated	   by	   in	   vitro	  targeted	  transposon	  mutagenesis	  (Rusniok	  et	  al.,	  2009).	  The	  piliation	  status	  of	  these	  8	  mutants	  (presence	  or	  absence	  of	  pili)	  was	  then	  assessed	  by	  (IF)	  microscopy	  using	  the	  20D9	  monoclonal	   antibody	   (Carbonnelle	   et	   al.,	   2005).	  As	   shown	   in	  Figure	  3.1,	  we	   found	   that	   all	   the	   mutants	   unambiguously	   produce	   Tfp.	   The	   corresponding	  proteins	  are	  therefore	  not	  essential	  for	  Tfp	  biogenesis	  in	  N.	  meningitidis	  strain	  8013.	  NMV_0901,	  originally	  selected	  because	  this	  gene	  has	  been	  annotated	  as	  encoding	  a	  "putative	  fimbrial	  assembly	  protein"	   in	  every	  bacterial	  genome	  where	  it	   is	  present	  (Rusniok	  et	  al.,	  2009),	  was	  then	  discarded	  as	  a	  candidate.	  As	  shown	  by	  our	  results,	  this	  annotation	  based	  only	  on	  one	  mention	  that	  the	  corresponding	  protein	  (FimB)	  in	  
Dichelobacter	   nodosus	  might	   be	   involved	   in	   Tfp	   biogenesis	   (Hobbs	   et	   al.,	   1991)	   is	  incorrect	  in	  N.	  meningitidis.	  Moreover,	  it	  has	  further	  been	  confirmed	  that	  FimB	  does	  not	  play	  any	  role	  in	  Tfp	  biology	  in	  D.	  nodosus	  (Kennan	  et	  al.,	  2001),	  suggesting	  that	  this	  annotation	  might	  be	  generally	  incorrect.	  
Protein	  name	   Gene	  label	   Length	  (aa)	   Molecular	  weight	  (Da)	   pKi	  ComP	   NMV_2216	   143	   16,183	   10.30	  PilT	   NMV_0048	   347	   38,025	   7.05	  PilT2	   NMV_1626	   370	   41,451	   6.47	  PilU	   NMV_0047	   408	   45,645	   6.92	  PilV	   NMV_1878	   122	   13,750	   9.40	  PilX	   NMV_1509	   152	   16,986	   9.58	  PilZ	   NMV_1624	   116	   12,853	   7.70	  N/A	   NMV_0901	   262	   29,167	   9.32	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Figure	   3.1	   Piliation	   status	   in	   mutants	   in	   candidate	   Tfp	   accessory	   genes	   as	  
assessed	  by	  immuno-­fluorescence	  microscopy.	  	  Tfp	   (green	   filaments)	  were	   detected	   using	   firstly	   the	  monoclonal	  mouse	   antibody	  20D9,	   which	   is	   specific	   for	   the	   Tfp	   of	   strain	   8013,	   and	   then	   a	   goat	   anti-­‐mouse	  antibody	  that	   is	   fused	  to	  Alexa-­‐fluor	  488.	  Meningococci	  (in	  red)	  were	  stained	  with	  ethidium	   bromide.	   The	   wild-­‐type	   (WT)	   8013	   strain	   and	   non-­‐piliated	   pilD	   mutant	  were	   included	   as	   positive	   and	   negative	   controls.	   No	   panel	   was	   included	   for	   the	  mutant	   in	   the	   NMV_0901	   gene	   since	   the	   corresponding	   pictures	   have	   been	  published	  elsewhere	  (Rusniok	  et	  al.,	  2009).	  Scale	  bars	  represent	  10	  µm.	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The	   remaining	   seven	   candidate	   genes	   can	   be	   divided	   in	   three	   groups	   based	   on	  bioinformatic	  analyses.	  	  
3.1.2	  PilZ	  As	   stated	   earlier,	   a	   phenotypic	   screen	   of	   the	   NeMeSys	   library	   of	  mutants	   initially	  identified	  the	  pilZ	  mutant	  as	  non-­‐aggregative,	  but	  the	  mutant	  was	  not	  characterized	  further	   (Carbonnelle	   et	   al.,	   2005).	   This	  mutant	  was	   found	   to	   be	   piliated,	  which	   is	  unexpectedly	   different	   from	   P.	   aeruginosa	   where	   the	   corresponding	   mutant	   was	  described	  as	  non-­‐piliated	  (Alm	  et	  al.,	  1996a).	  A	   gene	   encoding	   PilZ	   is	   found	   in	   all	   bacteria	   expressing	   Tfpa	   with	   a	   conserved	  genomic	  organization	  as	  can	  be	  seen	  on	  Figure	  3.2	   that	   illustrates	   the	  pilZ	   genetic	  organization	  in	  both	  N.	  meningitidis	  and	  P.	  aeruginosa.	  The	  only	  difference	  is	  that	  the	  putative	  operon	  containing	  pilZ	  (with	  the	  holB	  gene	  upstream	  and	  a	  gene	  encoding	  a	  putative	   deoxyribonuclease	   downstream)	   starts	   with	   the	   pilT2	   gene	   encoding	  another	  Tfp	  accessory	  protein	  in	  N.	  meningitidis,	  while	  it	  starts	  with	  the	  tmk	  gene	  in	  
P.	  aeruginosa.	  No	  pilT2	  gene	  is	  found	  in	  P.	  aeruginosa.	  Bioinformatic	   analyses	   using	   tools	   such	   as	   SignalP	   (Bendtsen	   et	   al.,	   2004)	   and	  TMHMM	   (http://www.cbs.dtu.dk/services/TMHMM/)	   indicate	   that	   PilZ	   lacks	   a	  signal	  peptide	  and	  transmembrane	  helices.	  This	  does	  not	  rule	  out	  that	  PilZ	  could	  be	  transported	  out	  of	   the	   cytoplasm	  by	  an	  unknown	  mechanism	  but	   it	   is	  more	   likely	  that	   this	   protein	   is	   cytoplasmic.	   Furthermore,	   PilZ	   shows	   no	   specific	   protein	  domains	  except	  for	  a	  very	  weak	  homology	  with	  PfAM	  domain	  PF07238	  that	  is	  found	  in	  proteins	  binding	  the	  secondary	  messenger	  cyclic-­‐di-­‐GMP.	  It	  should	  be	  noted	  that	  the	   Tfp-­‐related	   PilZ	   in	   P.	   aeruginosa	   (PA2960),	   however,	   does	   not	   bind	   the	  secondary	  messenger	  in	  vitro	  (Merighi	  et	  al.,	  2007).	  Since	   the	  product	  of	   the	  pilZ	   gene	  has	  not	  been	   studied	   in	  great	  detail	  previously,	  our	   original	   intention	  was	   to	   study	   the	   PilZ	   protein	   in	  more	   detail,	  which	  will	   be	  discussed	  in	  Chapter	  4.	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Figure	  3.2	  Genetic	  organization	  of	  the	  putative	  pilZ	  operon	  in	  N.	  meningitidis	  
8013	  and	  P.	  aeruginosa	  PA01.	  	  
(A)	   Region	   of	   the	   N.	   meningitidis	   8013	   genome	   containing	   the	   pilZ	   gene.	   It	   is	  sandwiched	   between	   NMN_1623	   a	   putative	   deoxyribonuclease	   and	   the	   holB	   gene	  which	  is	  a	  homolog	  of	  E.	  coli	  DNA	  polymerase	  III	  delta	  subunit.	  This	  putative	  operon	  starts	   with	   the	   pilT2	   gene	   encoding	   another	   “accessory”	   protein.	   (B)	   Genetic	  organization	  of	  pilZ	   in	  P.	   aeruginosa.	  Again,	   the	  pilZ	   gene	   lies	  between	  PA_2959,	   a	  putative	   deoxyribonuclease	   and	   the	   holB	   gene.	   In	   contrast	   the	   first	   gene	   in	   the	  putative	  operon	  is	  tmk,	  which	  encodes	  thymidylate	  kinase.	  	  	  
3.1.3	  Minor	  pilins	  Three	   of	   the	   proteins	   identified	   exhibited	   the	   PS0049	   motif,	   [KRHEQSTAG]	   -­‐	   G	   -­‐	  [FYLIVM]	   -­‐	   [ST]	   -­‐	   [LT]	   -­‐	   [LIVP]	   -­‐	   E	   -­‐	   [LIVMFWSTAG]14,	   which	   is	   a	   distinctive	   N-­‐terminal	  leader	  sequence	  found	  in	  all	  type	  IV	  pilins	  that	  allow	  their	  cleavage	  by	  the	  prepilin	   peptidase	   PilD	   and	   incorporation	   in	   Tfp	   (Craig	   et	   al.,	   2004).	   As	   seen	   in	  Figure	  3.3,	   the	  homology	  between	   the	  mature	  proteins	   is	   limited	   to	   the	  27	  mainly	  hydrophobic	  N-­‐terminal	  amino	  acids	  that	  are	  key	  for	  assembly	  into	  Tfp	  (Craig	  et	  al.,	  2004).	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Figure	  3.3	  Amino	  acid	  sequence	  alignment	  of	  proposed	  minor	  prepilins	  with	  
the	  major	  prepilin	  (PilE).	  	  This	  ClustalW	  alignment	  shows	  the	  first	  35-­‐39	  amino	  acids	  present	  in	  the	  major	  and	  minor	   prepilins.	   Black	   squares	   indicate	   amino	   acid	   identity,	   whilst	   red	   squares	  indicate	  amino	  acids	  of	  similar	  properties	  with	  respect	  to	  the	  other	  sequences.	  The	  arrow	   indicates	   the	   site	   of	   cleavage	   by	   prepilin	   peptidase	   whilst	   the	   numbers	  highlight	   position	   of	   important	   amino	   acids.	   The	   Glycine	   at	   -­‐1	   is	   known	   to	   be	  essential	  for	  cleavage	  whilst	  the	  Glutamate	  at	  position	  +5	  is	  important	  for	  assembly	  of	  the	  fibre.	  There	  is	  no	  significant	  homology	  after	  the	  Tyrosine	  at	  position	  +27.	  	  ComP,	   PilV	   and	   PilX	   have	   all	   been	   studied	   to	   some	   extent	   previously	   either	   in	  N.	  
meningitidis	   (PilX)	   (Hélaine	  et	   al.,	   2005,	  Hélaine	  et	   al.,	   2007)	  or	   in	  N.	  gonorrhoeae	  (ComP	  and	  PilV)	  (Wolfgang	  et	  al.,	  1999,	  Winther-­‐Larsen	  et	  al.,	  2001).	  Notably,	  PilX	  was	  shown	  to	  be	  a	  minor	  pilin,	  present	  in	  low	  abundance	  in	  the	  fibre	  of	  our	  strain	  (Hélaine	   et	   al.,	   2007).	   As	   was	   previously	   done	   for	   PilX	   (Hélaine	   et	   al.,	   2005),	   we	  confirmed	  that	  ComP	  and	  PilV	  are	  cleaved	  in	  a	  PilD-­‐dependent	  manner	  compatible	  with	  their	  assembly	   into	  the	  fibres.	  To	  do	  this,	  proteins	  were	  detected	  by	  Western	  blotting	   in	  whole	   cell	   lysates	  of	  both	   the	  wild-­‐type	   (WT)	   strain	  and	  a	  pilD	  mutant	  (Figure	  3.4.A).	  As	  PilX,	  both	  ComP	  and	  PilV	  proteins	  run	  higher	  on	  an	  SDS-­‐PAGE	  gel	  in	  the	  PilD-­‐	  background	  when	  compared	  to	  the	  PilD+	  background,	  indicating	  they	  are	  larger	   and	   therefore	   cleaved	   in	   a	   PilD-­‐dependent	   manner	   in	   N.	   meningitidis.	   It	  should	  be	  noted	  that	  ComP	  could	  not	  be	  detected	  in	  whole-­‐cell	  lysates	  from	  the	  WT	  strain,	   which	   prompted	   us	   to	   construct	   and	   use	   a	   ComP-­‐overexpressing	   strain	   to	  confirm	  the	  cleavage.	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Figure	  3.4	  Western	  blotting	  analysis	  of	  minor	  pilins	  ComP,	  PilV	  and	  PilX.	  	  
(A)	  Detection	  of	   the	  minor	  pilins	  using	  specific	  polyclonal	  antibodies	   in	  whole	  cell	  lysates	  in	  PilD+	  and	  PilD-­‐	  genetic	  backgrounds.	  ComP	  that	  could	  not	  be	  detected	  in	  wild-­‐type	  whole-­‐cell	  lysates	  was	  detected	  in	  a	  comPind	  strain	  that	  contains	  a	  second	  copy	   of	   the	   comP	   gene	   under	   the	   transcriptional	   control	   of	   and	   IPTG-­‐inducible	  promoter	  (lacP).	  (B)	  Immunoblotting	  of	  “classical”	  pilus	  preparations	  from	  WT	  and	  mutants	  in	  pilD,	  comP,	  pilV	  and	  pilX	  using	  specific	  polyclonal	  antibodies.	  Amounts	  of	  pilus	  preps	  loaded	  in	  each	  well	  were	  identical	  as	  confirmed	  by	  performing	  anti-­‐PilE	  blots	  (not	  shown).	  A	  cross-­‐reacting	  band,	  denoted	  by	  an	  asterix	  (*),	  is	  present	  in	  all	  of	   the	   piliated	   strains.	   According	   to	   its	   size	   and	   exclusive	   presence	   in	   the	  preparation	   from	   piliated	   strains,	   this	   cross-­‐reacting	   species	   could	   correspond	   to	  PilE.	  	  Furthermore,	   as	   previously	   done	  with	  PilX,	   co-­‐purification	   of	   ComP	   and	  PilV	  with	  the	  fibers	  was	  assessed	  by	  Western	  blotting	  using	  pilus	  preparations	  obtained	  by	  a	  “classical”	   protocol	   (Figure	   3.4.B).	   All	   of	   these	   proteins	   can	   be	   detected	   in	   pilus	  preparations	  obtained	   from	   the	  WT	  strain	  and	   therefore	  co-­‐purify	  with	   the	   fibers.	  Taken	  together	  these	  results	  strengthen	  the	  notion	  that	  ComP,	  PilV	  and	  PilX	  are	  all	  minor	  components	  of	  N.	  meningitidis	  Tfp.	  Interestingly,	  detection	  of	  each	  of	   the	  minor	  pilins	   in	  various	  mutant	  backgrounds	  (Figure	   3.4.B)	   showed	   that	   co-­‐purification	  with	   Tfp	  was	  mainly	   unaffected	   by	   the	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presence	   of	   other	   minor	   pilins,	   except	   for	   ComP.	   ComP	   co-­‐purifies	   with	   the	   Tfp	  much	   better	   in	   a	   pilV	   mutant	   indicating	   that	   PilV	   negatively	   controls	   ComP's	  assembly	   into	   Tfp,	   which	   is	   consistent	   with	   what	   was	   previously	   reported	   in	   N.	  
gonorrheae	  (Aas	  et	  al.,	  2002a).	  	  
3.1.4	  PilT-­like	  proteins	  The	  remaining	  proteins	  PilT,	  PilT2	  and	  PilU	  were	  grouped	  as	  PilT-­‐like	  proteins	  due	  to	   extensive	   sequence	   similarities	   with	   the	   well-­‐characterized	   PilT	   ATPase	   that	  powers	   the	   retraction	  of	  Tfp	   (Wolfgang	  et	  al.,	  1998a,	  Merz	  et	  al.,	  2000).	  PilT2	  and	  PilU	   share	   a	   high	   degree	   of	   sequence	   conservation	   (at	   around	   60%)	   with	   PilT	  (Figure	  3.5).	  The	  alignments	  of	  the	  amino	  acid	  sequences	  notably	  show	  that	  all	  of	  these	  proteins	  contain	   conserved	   motifs	   found	   in	   type	   II/IV	   secretion	   system	   ATPase’s,	   these	  include	  Walker	  boxes	  that	  are	  important	  for	  ATP	  binding	  and	  hydrolysis	  (Walker	  et	  al.,	   1982,	  Aukema	  et	   al.,	   2005,	   Chiang	   et	   al.,	   2008).	  The	  main	  differences	  between	  PilT2	   or	   PilU	   and	   PilT	   are	   the	   presence	   of	   terminal	   extensions.	   PilU	   contains	  extensions	  both	  at	  its	  N-­‐	  and	  C-­‐termini,	  while	  PilT2	  contains	  a	  C-­‐terminal	  extension.	  In	   all	   bacteria	   expressing	   Tfpa,	   the	   pilT	   and	   pilU	   genes	   are	   present	   and	   form	   an	  operon	   (Park	   et	   al.,	   2002,	   Whitchurch	   and	   Mattick,	   1994).	   The	   corresponding	  proteins	   have	   been	   extensively	   studied.	   In	   contrast,	   the	   pilT2	   gene	   present	   in	   a	  putative	  operon	  with	  pilZ	   is	  apparently	  specific	  to	  Neisseria	  species,	  and	  has	  never	  been	  reported	  or	  studied	  before.	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Figure	  3.5	  Amino	  acid	  sequence	  alignments	  of	  PilT-­like	  proteins.	  	  Conserved	   amino	   acids	   are	   shown	   in	   black	   boxes	   with	   white	   writing,	   and	   amino	  acids	  with	  similar	  properties	  are	  shown	  in	  red	  boxes	  with	  black	  writing.	  Functional	  motifs	   thought	   to	   be	   important	   for	   Type	   II/IV	   secretion	   system	   ATPases	   are	  highlighted,	  these	  are	  the	  Walker	  A	  and	  B	  boxes	  as	  well	  the	  Asp	  and	  His	  boxes.	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3.2	   Exhaustive	   phenotypic	   analysis	   of	   mutants	   in	   Tfp	   accessory	  
genes	  To	  determine	  whether	   the	   above	   genes	   played	   a	   role	   in	   Tfp	   biology,	   a	   systematic	  phenotypic	  analysis	  was	  carried	  out	  with	  single	  mutants	  in	  these	  genes	  and	  double	  mutants	  which	  contain	  a	  concurrent	  mutant	  in	  the	  pilT	  gene	  as	  done	  previously	  for	  Tfp-­‐biogenesis	   genes	   (Carbonnelle	   et	   al.,	   2006).	   All	   major	   aspects	   of	   Tfp	   biology	  were	   analyzed,	   i.e.	   piliation,	   bacterial	   aggregation,	   twitching	   motility,	   DNA	  competence	  and	  adhesion	  to	  human	  cells.	  For	  this	  analysis	  existing	  assays	  in	  our	  lab	  were	  used	  and	  some	  novel	  assays	  were	  developed	  when	  necessary.	  	  
3.2.1	  Assessing	  and	  quantifying	  piliation	  Although	  we	  confirmed	  by	  IF	  microscopy	  that	  mutants	  in	  the	  seven	  accessory	  genes	  were	  piliated,	  it	  was	  important	  to	  assess	  their	  piliation	  further.	  Firstly,	  we	  used	  a	  common	  method	  in	  the	  field	  to	  assess	  piliation,	  which	  is	  a	  classical	  pilus	   preparation	   (Hélaine	   et	   al.,	   2007).	   This	   entails	   the	   ammonium	   sulphate	  precipitation	   of	   pili	   from	   shear	   fractions	   prepared	   from	   bacterial	   suspensions	  containing	  the	  same	  numbers	  of	  CFU.	  These	  preparations	  were	  fairly	  pure	  with	  the	  most	  prominent	  band	  on	  a	  Coomassie-­‐stained	  SDS-­‐PAGE	  gel	  being	  around	  17	  KDa	  and	  corresponding	  to	  PilE,	  as	  it	  is	  absent	  in	  preparations	  from	  the	  non-­‐piliated	  pilD	  mutant	  that	  was	  used	  as	  a	  negative	  control	  (Figure	  3.6.A).	  Each	  of	  the	  seven	  mutants	  was	  assessed	  in	  this	  way	  and	  when	  compared	  to	  the	  WT	  there	  were	  three	  different	  outcomes.	  Either	  the	  mutant	  was,	  (i)	  apparently	  less	  piliated	  than	  the	  WT	  (as	  is	  the	  case	  for	  pilX	  and	  especially	  for	  pilZ	   in	  which	  the	  PilE	  band	  is	  barely	  visible),	  (ii)	  as	  piliated	  as	  WT	  (as	  for	  the	  comP,	  pilV	  and	  pilU	  mutants)	  or	  (iii)	  more	  piliated	  than	  the	  WT	  as	  seen	  for	  the	  pilT	  and	  pilT2	  mutants.	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Figure	  3.6	  Assessment	  of	  levels	  of	  piliation	  in	  mutants	  in	  the	  seven	  accessory	  
genes,	  using	  qualitative	  (panels	  A	  and	  B)	  and	  quantitative	  (panel	  C)	  methods.	  	  WT	   and	   non-­‐piliated	   pilD	   mutant	   were	   used	   as	   positive	   and	   negative	   controls	  respectively	  in	  each	  experiment.	  	  
(A)	  Classical	  pilus	  preparation	  using	  ammonium	  sulphate	  precipitation	  of	  pili	  from	  shear	  fractions.	  (B)	  Immuno-­‐purification	  of	  pili	  from	  shear	  fractions	  using	  the	  20D9	  monoclonal	   antibody.	   Samples	   were	   analyzed	   by	   SDS-­‐PAGE	   and	   stained	   with	  Coomassie.	  In	  both	  assays	  similar	  numbers	  of	  bacteria	  were	  used	  to	  prepare	  shear	  fractions	   as	   confirmed	   by	   CFU	   counts.	   (C)	   Whole-­‐cell	   ELISA	   quantification	   of	   pili	  using	  20D9.	  Results	  are	  expressed	  as	  the	  ratio	  of	  CFU	  mutant/CFU	  WT	  that	  give	  an	  OD450nm	  =	  0.4	  (±	  standard	  deviation)	  and	  are	  mean	  results	  from	  4-­‐12	  experiments.	  Ratios	  were	  set	  at	  1	  and	  0	  for	  WT	  and	  pilD	  mutant,	  respectively.	  Ratio	  <1	  indicates	  a	  decreased	  piliation,	  whilst	  a	  ratio	  >1	  indicates	  an	  increase	  in	  piliation.	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Unexpectedly,	   the	   results	   for	   pilZ	   mutant	   did	   not	   completely	   concur	   with	   the	  numerous	  pili	  that	  were	  detected	  by	  IF	  microscopy	  (see	  Figure	  3.1).	  This	  suggested	  that	  the	  previous	  preparation	  method	  could	  not	  efficiently	  purify	  its	  pili,	  which	  was	  reported	  for	  another	  mutant	  in	  P.	  aeruginosa	  (Smedley	  et	  al.,	  2005).	  To	  demonstrate	  that	   pili	   could	   be	   purified	   in	   a	   pilZ	   mutant,	   a	   novel	   purification	   method	   was	  developed	   in	  which	   the	   20D9	   antibody	  was	   used	   to	   immuno-­‐purify	   (IP)	   the	   pilus	  fibres	  from	  shear	  fractions	  of	  bacterial	  suspensions.	  In	  brief,	  standardized	  bacterial	  suspensions	   in	   PBS	   were	   vortexed	   for	   2	   minutes	   before	   removing	   the	   cells	   by	  centrifugation	   (16,000	   xg	   for	   7	  minutes)	   to	   recover	   the	   shear	   fraction.	   20D9	  was	  then	  added	  at	  a	  dilution	  of	  1/100	   to	   the	  shear	   fractions.	  Samples	  were	  allowed	   to	  mix	   on	   a	   wheel	   for	   2	   hours.	   Para-­‐magnetic	   Dynabeads®	   (Invitrogen)	   coated	  with	  Protein	  A	  were	   then	  added	  to	  bind	   the	  antibody-­‐fibre	  complexes,	  and	   the	  samples	  mixed	  for	  another	  hour	  on	  a	  wheel	  (at	  room	  temperature).	  Samples	  were	  applied	  to	  a	   magnet	   to	   allow	   the	   beads	   to	   coat	   the	   inside	   of	   the	   microfuge	   tube.	   The	  supernatant	  (containing	  contaminants)	  was	  removed	  and	  the	  samples	  washed	  with	  PBS.	  After	  five	  cycles	  of	  washing,	  the	  samples	  were	  “eluted”	  from	  the	  beads	  using	  2x	  SDS-­‐PAGE	  loading	  buffer	  and	  heated	  to	  100°C	  for	  5-­‐10	  minutes.	  The	  samples	  were	  re-­‐applied	  to	  the	  magnet	  and	  carefully	  removed	  whilst	  the	  magnetic	  beads	  remained	  bound	  to	  the	  tube.	  These	  IPs	  could	  then	  be	  analyzed	  using	  Coomassie	  staining	  or	  by	  Western	  blotting	  following	  SDS-­‐PAGE.	  This	  novel	  method	  was	  found	  to	  be	  efficient	  (Figure	  3.6.B)	  as	  the	  only	  bands	  that	  could	  be	  detected	  were	  PilE	  (no	  17	  KDa	  species	  is	  present	  in	  the	  pilD	  mutant),	  and	  the	  light	  and	  heavy	  chains	  of	  the	  antibodies.	  The	  result	   from	   this	   analysis	   shows	   that	   pili	   could	   be	   efficiently	   purified	   from	   all	   the	  mutants,	   including	   the	   pilZ	   mutant	   (Figure	   3.6.B).	   It	   should	   be	   noted	   that	   this	  method	   did	   not	   provide	   quantitative	   results	   since	   the	   20D9	   antibody,	   which	   is	   a	  scarce	  resource,	  was	  used	  frugally	  and	  only	  a	  fraction	  of	  the	  pili	  in	  the	  sample	  could	  be	   immuno-­‐purified.	   However,	   this	   provided	   an	   auxillary	   method	   to	   the	   classical	  prep	  to	  purify	  pili	  in	  mutants	  such	  as	  the	  pilZ	  mutant.	  As	  both	  of	  the	  above	  methods	  provide	  only	  qualitative	  information	  about	  piliation,	  we	  used	  a	  whole	  cell	  ELISA	  method	  that	  was	  previously	  developed	  in	  our	  lab,	  which	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utilizes	   the	  20D9	  antibody	   to	  precisely	  quantify	   levels	  of	  piliation	   for	  each	  mutant	  strain	  (Hélaine	  et	  al.,	  2005).	  Briefly,	  bacterial	  suspensions	  containing	  equivalent	  CFU	  were	   prepared	   and	   serially	   diluted	   in	   two-­‐fold	   steps	   before	   being	   applied	   to	   the	  wells	  of	  a	  microtitre	  plate.	  The	  suspensions	  were	  dried	  in	  the	  wells	  before	  probing	  with	   20D9,	   washed	   and	   subsequently	   probed	   with	   a	   secondary	   goat-­‐anti	   mouse	  antibody	  fused	  to	  horseradish	  peroxidase	  (HRP).	  OPD	  substrate	  was	  added	  and	  the	  amount	  of	  substrate	  converted	  by	  the	  HRP,	  leading	  to	  a	  yellow	  colour,	  was	  assessed	  spectrophotometrically	  by	  measuring	   the	  OD450nm.	  The	  WT	  strain	   reacted	   strongly	  whilst	   the	  non-­‐piliated	  pilD	   control	   gave	   a	   very	   low	  background.	  Piliation	   indexes	  were	  calculated	  using	  exponential	  regression	  curves	  and	  the	  results	  are	  expressed	  as	   the	   ratio	   of	   mutant	   CFU	   to	   WT	   CFU	   giving	   an	   OD450nm	   of	   0.4	   (Figure	   3.6.C).	  Piliation	  indexes	  greater	  than	  1	  shows	  that	  the	  mutant	  is	  more	  piliated	  than	  the	  WT,	  whilst	  a	  value	  of	  less	  than	  1	  shows	  that	  the	  mutant	  is	  less	  piliated.	  The	  pilX	  and	  pilZ	  mutants	  were	  found	  to	  be	  1.4	  and	  2.1-­‐fold	   less	  piliated	  than	  WT,	  respectively.	  The	  
pilT	  and	  pilT2	  mutants	  were	  found	  to	  be	  7.1	  and	  2-­‐fold	  more	  piliated	  than	  the	  WT.	  The	  remaining	  mutants,	  comP,	  pilU	  and	  pilV	  were	  all	  found	  to	  have	  similar	  levels	  of	  pili	  to	  the	  WT.	  Taken	  together,	  these	  results	  show	  that	  of	  the	  seven	  studied	  proteins,	  PilX	  and	  PilZ	  slightly	  affect	  Tfp	  assembly/stability,	  while	  PilT	  and	  PilT2	  are	  antagonists	  of	  pilus	  formation	  since	  piliation	  is	  increased	  in	  their	  absence	  	  
3.2.2	  Quantifying	  competence	  for	  DNA	  transformation	  In	  N.	  meningitidis	  Tfp	  allow	  the	  organism	  to	  be	  competent	  at	  all	  stages	  of	  its	  growth	  cycle.	  Transformation	  can	  be	  resolved	  into	  distinct	  steps	  including;	  binding	  of	  DNA	  into	   a	   DNAse	   resistant	   state,	   the	   uptake	   into	   the	   periplasm,	   transport	   across	   the	  inner	  membrane	  and	  recombination	   into	   the	  genome	  (Aas	  et	  al.,	  2002a,	  Aas	  et	  al.,	  2002b).	   Competence	   was	   quantified	   in	   each	   of	   the	  mutants	   using	   a	   standardized	  assay	   that	  has	  been	  used	  previously	   in	  our	   lab	   (Hélaine	  et	  al.,	  2005).	   In	   this	  assay	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equivalent	  numbers	  of	  bacteria	  (as	  assessed	  by	  CFU	  counts)	  were	  transformed	  with	  1	   µg	   of	   chromosomal	   DNA	   purified	   from	   a	   mutant	   of	   N.	   meningitidis	   8013	  spontaneously	  resistant	   to	  rifampicin.	  The	  number	  of	  rifampicin	  resistant	  colonies	  were	  then	  counted	  after	  spreading	  on	  suitable	  plates	  (results	  can	  be	  seen	  in	  Figure	  3.7.).	  Whilst	  nearly	  0.02%	  of	  the	  WT	  recipient	  bacteria	  were	  transformed,	  there	  was	  more	  than	   a	   300-­‐fold	   decrease	   for	   the	   non-­‐piliated	   pilD	   mutant.	   The	   comP	   and	   pilT	  mutants	  were	  essentially	  non-­‐competent	  with	  1,000-­‐fold	  (P	  =	  4.2	  x	  10-­‐4)	  and	  500-­‐fold	   (P	   =	   0.002)	   decreases	   in	   competence	   when	   compared	   to	   the	   WT.	   This	   is	  consistent	   with	   results	   in	   N.	   gonorrhoeae	   (Aas	   et	   al.,	   2002a,	   Aas	   et	   al.,	   2002b,	  Wolfgang	  et	  al.,	  1998a,	  Wolfgang	  et	  al.,	  1999).	  This	  was	  confirmed	  to	  be	  due	  to	  the	  specific	  absence	  of	  these	  proteins	  since	  competence	  was	  restored	  (to	  higher	   levels	  than	   in	   the	  WT)	   in	   the	   complemented	   strains,	   comP/comPind	   and	  pilT/pilTind,	   that	  were	   constructed	   by	   putting	   these	   genes	   under	   the	   control	   of	   an	   IPTG-­‐inducible	  promoter.	  The	  pilX	  mutant	  was	  also	  significantly	  less	  competent	  than	  the	  WT	  with	  a	  13.2-­‐fold	   decrease	   (P	   =	   0.0039),	   this	   result	   was	   already	   known	   from	   a	   previous	  study	   in	   our	   group	   (Hélaine	   et	   al.,	   2005).	   Again	   competence	   was	   restored	   in	   the	  complemented	   strain	   pilX/pilXind	   to	   levels	   6.3-­‐fold	   higher	   than	   in	   the	   WT.	   The	  mutants	  in	  pilT2,	  pilU	  and	  pilZ	  genes	  were	  as	  competent	  as	  the	  WT.	  Interestingly,	  the	  
pilV	  mutant	  was	   2.4-­‐fold	  more	   competent	   than	   the	  WT	   (P	   =	   0.011),	  which	   is	   also	  consistent	  with	  previous	  studies	  in	  N.	  gonorrheae	  (Aas	  et	  al.,	  2002a).	  In	  conclusion,	  four	  of	  the	  seven	  proteins	  play	  a	  role	  in	  competence,	  with	  ComP	  and	  PilT	  being	  absolutely	  essential,	  PilX	  contributing	  to	  full	  competence	  and	  PilV	  having	  a	  negative	  affect,	  as	  in	  its	  absence	  transformation	  frequencies	  were	  increased.	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Figure	   3.7	   Quantitative	   analysis	   of	   DNA	   Competence	   of	   the	   accessory	   gene	  
mutants.	  	  Equivalent	   numbers	   of	   meningococci	   were	   transformed	   with	   1	   µg	   of	   purified	  chromosomal	  DNA	  recovered	  from	  a	  rifampicin	  resistant	  mutant	  of	  strain	  8013.	  The	  results	   are	   expressed	   as	   the	   percentage	   of	   transformants	   compared	   to	   recipient	  (transformed)	  cells	  and	  are	  the	  means	  of	  4-­‐6	  independent	  experiments	  (±	  standard	  deviation).	   WT	   strain	   and	   non-­‐piliated	   pilD	   mutant	   were	   used	   as	   positive	   and	  negative	  controls,	  respectively.	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3.2.3	  Assessment	  of	  aggregative	  abilities	  The	   formation	   of	   multicellular	   bacterial	   aggregates	   is	   a	   Tfp-­‐mediated	   function	  important	   for	   virulence	   since	   it	   impacts	   adhesion	   to	   human	   cells.	   The	   qualitative	  assay	  previously	  used	  in	  the	  lab	  to	  screen	  the	  library	  of	  mutants	  was	  therefore	  used	  to	  determine	  whether	   the	   studied	  mutants	  were	   capable	  of	   forming	   aggregates	   in	  liquid	  culture	  in	  the	  wells	  of	  a	  24-­‐well	  plate.	  Briefly,	  bacteria	  were	  resuspended	  in	  preheated	  RPMI	  +	  serum	  and	  the	  OD600nm	  standardized	  to	  0.02,	  400µl	  aliquots	  were	  then	  dispatched	  into	  the	  wells	  of	  a	  24-­‐well	  plate	  and	  allowed	  to	  incubate	  for	  2	  hours	  (statically)	   at	   37°C.	   During	   this	   time,	   the	   WT	   bacteria	   sediment	   and	   form	   round	  aggregates	   on	   the	   bottom	   of	   the	   wells	   that	   could	   then	   be	   visualized	   by	   phase-­‐contrast	  microscopy.	  This	   is	  not	  observed	  with	  a	  non-­‐piliated	  mutant	  such	  as	  pilD.	  This	   was	   documented	   by	   capturing	   still-­‐images	   using	   a	   high-­‐definition	   (HD)	  camcorder	  mounted	  onto	  the	  microscope.	  Figure	  3.8	  shows	  the	  aggregative	  abilities	  of	  all	  of	  the	  strains.	  As	   can	   be	   seen,	   the	   greater	   majority	   of	   the	   mutants	   (comP,	   pilT2,	   pilU	   and	   pilV)	  formed	   apparently	   normal	   aggregates,	   whilst	   the	   pilT	   mutant	   formed	   numerous	  irregular	  aggregates.	  As	  was	  previously	  seen	  in	  the	  phenotypic	  screen	  (Carbonnelle	  et	  al.,	  2005)	  neither	  the	  pilX	  nor	  the	  pilZ	  mutants	  form	  aggregates.	  The	  formation	  of	  aggregates	   was	   also	   restored	   in	   the	   pilZ/pilZind	   complemented	   strain,	   confirming	  that	   the	   observed	   phenotype	   was	   due	   to	   a	   lack	   of	   PilZ	   alone.	   Interestingly,	   as	  previously	  shown	  for	  the	  pilX/T	  mutant	  (Hélaine	  et	  al.,	  2005),	  aggregation	  could	  be	  restored	   in	   the	   pilZ	  mutant	  when	   pilus	   retraction	  was	   abolished	   by	   a	   concurrent	  mutation	  in	  the	  pilT	  gene.	  This	  suggests	  that	  the	  pilT	  mutation	  is	  epistatic	  to	  that	  in	  
pilZ	  with	  respect	  to	  aggregation.	  	   	  
	   	  




Figure	   3.8	   Determination	   of	   aggregative	   abilities	   of	   Tfp	   accessory	   gene	  
mutants	  by	  phase	  contrast	  microscopy.	  	  Formation	  of	  aggregates	  by	  each	  of	  the	  accessory	  genes	  mutants	  (comP,	  pilT,	  pilT2,	  
pilU,	  pilV,	  pilX	  and	  pilZ)	  was	  documented	  following	  2	  hours	  of	  incubation	  in	  a	  24	  well	  plate.	   Images	  are	  taken	  at	  the	  bottom	  of	  the	  wells.	  Wild-­‐type	  and	  non-­‐piliated	  pilD	  mutant	  are	  used	  as	  positive	  and	  negative	  controls,	   respectively.	  Also	  shown	   is	   the	  restoration	  of	  aggregative	  abilities	   in	  the	  double	  mutants	  pilX/T	  and	  pilZ/T	  as	  well	  as	  in	  the	  complemented	  pilZ	  mutant.	  Scale	  bars	  represent	  10	  µm.	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Upon	   closer	   examination,	   it	   was	   observed	   that	   the	   pilT2	   and	   pilV	   strains	   formed	  aggregates	  faster	  than	  the	  wild-­‐type	  (Figure	  3.9.),	  which	  is	  a	  previously	  unreported	  phenotype.	  As	  can	  be	  seen,	  after	  only	  10	  minutes	  of	  incubation	  small	  aggregates	  are	  formed	  by	  these	  mutants,	  whilst	  at	  45	  minutes	  fully	  formed	  large	  round	  aggregates	  can	  be	  seen.	  In	  contrast,	  the	  WT	  strain	  only	  starts	  forming	  aggregates	  at	  45	  minutes.	  It	  should	  be	  noted	  that	  no	  aggregates	  were	  seen	  at	  the	  start	  of	  the	  experiment	  (t	  =	  0	  min)	   and	   that	   therefore	   the	   ones	   seen	   after	   10	   minutes	   were	   not	   present	   in	   the	  starting	  suspension.	  However,	  this	  was	  the	  case	  for	  the	  pilT	  mutant	  that	  forms	  very	  resistant	   aggregates	   that	   cannot	   be	   easily	   dispersed	   by	   vortexing	   using	   the	   same	  protocol.	   Importantly,	   wild-­‐type	   aggregation	   kinetics	   were	   restored	   in	   the	  complemented	   strains	   pilV/pilVind	   and	   pilT2/pilT2ind	   (under	   induction	   conditions)	  confirming	  that	  the	  observed	  phenotypes	  in	  the	  pilT2	  and	  pilV	  mutants	  were	  due	  to	  the	  absence	  of	  the	  corresponding	  proteins.	  	  Although	   in	  the	  past	  our	  group	  has	  designed	  a	  method	  to	  quantify	  the	  aggregative	  ability	  of	  a	  strain	  (Hélaine	  et	  al.,	  2005),	  this	  assay	  could	  not	  be	  used	  because	  it	  was	  not	  compatible	  with	   the	  code	  of	  practice	   in	   the	  biosafety	  3	   level	   laboratory	  where	  live	  meningococci	  are	  manipulated	  at	  Imperial	  College.	  	  Overall	   this	   analysis	   shows	   that	   ComP	   and	   PilU	   play	   no	   apparent	   role	   in	   Tfp-­‐mediated	  aggregation,	  while	  the	  other	  five	  proteins	  are	  involved	  in	  this	  function	  to	  various	  extents.	  Either	  they	  are	  essential	  for	  aggregation	  as	  is	  the	  case	  for	  PilX	  and	  PilZ	   or	   they	   have	   a	   negative	   effect	   on	   the	   formation	   of	   aggregates	   since	   in	   their	  absence	  aggregation	  is	  increased	  (PilT)	  or	  occurs	  faster	  (PilT2	  and	  PilV).	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Figure	  3.9	  Formation	  of	  aggregates	  over	  time.	  	  Phase	  contrast	  microscopy	  observation	  of	  aggregation	  kinetics	  of	  the	  pilT2	  and	  pilV	  mutants.	  Wild-­‐type	  strain	  is	  included	  as	  a	  control.	  Images	  were	  taken	  at	  0,	  10	  and	  45	  minutes.	  Scale	  bar	  represents	  10	  µm.	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3.2.4	  Assessing	  twitching	  motility	  Twitching	  motility	  is	  a	  non-­‐flagellar	  form	  of	  motility	  that	  occurs	  on	  a	  surface	  in	  the	  presence	  of	  humidity	  (Mattick,	  2002).	   It	   is	   thought	  that	  movement	   is	  promoted	  by	  pilus	  attachment	  and	  tethering	  to	  a	  solid	  surface,	  before	  pili	  are	  retracted	  and	  that	  bacteria	  move	  along	  the	  tethered	  pilus,	  which	  is	  acting	  much	  like	  a	  grappling	  hook	  (Skerker	   and	   Berg,	   2001,	   Merz	   and	   Forest,	   2002).	   In	   the	   past,	   assays	   have	   been	  developed	  to	  assess	  the	  ability	  of	  strains	  to	  undergo	  this	  form	  of	  motility,	  including	  the	   observation	   of	   twitching	  motility	   zones	   at	   the	   interstitial	   space	   between	   agar	  and	   the	  bottom	  of	  a	  Petri	  dish	  by	  sub-­‐surface	  stab-­‐inoculation,	  as	   in	  P.	  aeruginosa	  (Semmler	  et	  al.,	  1999).	  Another	  common	  method	   is	   the	  observation	  of	   cells	  at	   the	  edges	  of	  a	  growing	  colony	  by	  stereomicroscopy	  (Swanson,	  1978).	  However,	  none	  of	  these	   methods	   are	   practical	   for	   the	   meningococcus	   as	   they	   were	   poorly	  discriminative.	   We	   therefore	   designed	   a	   novel,	   easy	   and	   robust	   methodology	   to	  assess	  twitching	  motility	  in	  real-­‐time.	  During	  our	   analysis	  of	   bacterial	   aggregation,	  we	  observed	   that	   the	  WT	  aggregates	  forming	  on	  the	  bottom	  of	  the	  wells	  moved	  in	  a	  jerky	  fashion	  that	  is	  characteristic	  of	  twitching	  motility.	  Confirmation	  that	  this	  movement	  was	  indeed	  twitching	  motility	  came	   from	  the	  observation	   that	  a	  pilT	  mutant	  aggregate	   (PilT	  being	   the	  motor	   for	  retraction)	  was	  totally	  still.	  We	  therefore	  documented	  this	  for	  all	  the	  mutants	  using	  the	  previous	  HD	  video	  microscopy	  setup.	  The	  assay	  was	  done	  in	  the	  same	  way	  as	  the	  aggregation	  assay	  but	  the	   instead	  of	   taking	  still	   images	  of	   the	  aggregates,	  short	  30	  second	   HD	   videos	   were	   produced	   using	   the	   microscope-­‐mounted	   camera.	   These	  videos	   can	   be	   seen	   at	   http://iai.asm.org/cgi/content/full/78/7/3053/DC1,	   in	   the	  supplemental	  materials	  from	  our	  paper	  (Brown	  et	  al.,	  2010).	  It	  can	  be	  clearly	  seen	  that	   the	   WT	   aggregates	   exhibited	   jerky	   movements	   that	   are	   deliberate	   and	   at	   a	  frequent	  rate,	  very	  different	  from	  the	  slow	  oscillation	  of	  bacteria	  not	  in	  aggregates	  that	   corresponds	   to	   Brownian	  motion.	  When	   the	   other	   aggregative	  mutants	  were	  tested	  we	  observed	  that	  four	  mutants	  (comP,	  pilU,	  pilV	  and	  pilT2)	  twitch	  while	  the	  only	   one	   that	   did	   not	  was	   the	  pilT	   mutant	   in	  which	   pilus	   retraction	   is	   abolished.	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Importantly,	   twitching	   was	   restored	   in	   the	   pilT/pilTind	   complemented	   strain.	  Although,	   our	  novel	   assay	  has	   its	   own	   limitations	   (i.e.	   it	   could	  only	  determine	   the	  twitching	  motility	   of	   aggregative	   strains)	  we	   could	   confirm	   that	   only	   one	   protein	  (PilT)	  plays	  an	  essential	  role	  in	  twitching	  motility.	  	  
3.2.5	  Quantification	  of	  adhesion	  to	  human	  cells	  Possibly	  the	  key	  function	  of	  Tfp	  with	  regard	  to	  virulence	  is	  their	  ability	  to	  mediate	  strong	   adhesion	   to	   host	   cells.	   The	   assay	   that	   was	   used	   to	   assess	   the	   adhesive	  abilities	  of	  the	  mutants	  has	  been	  used	  extensively	  in	  our	  lab	  previously	  (Hélaine	  et	  al.,	   2005,	   Carbonnelle	   et	   al.,	   2006).	   In	   brief,	   equivalent	   numbers	   of	   bacteria	   (as	  assessed	   by	   CFU	   counts)	   were	   allowed	   to	   adhere	   for	   30	   min	   to	   a	   standardized	  number	  of	  primary	  Human	  umbilical	  vein	  endothelial	  cells	  (HUVEC).	  The	  media	  was	  then	   replaced	   to	   remove	   non-­‐adherent	   bacteria.	   Incubation	  was	   carried	   out	   for	   a	  further	  4	  hours	  with	  media	  being	  replaced	  every	  hour.	  This	  period	  of	  time	  is	  used,	  as	  it	  is	  sufficient	  to	  allow	  the	  meningococci	  to	  progress	  from	  initial	  localized	  adhesion	  to	  diffuse	  intimate	  adhesion	  (Pujol	  et	  al.,	  1999).	  At	  270	  min	  post-­‐infection	  the	  wells	  were	   washed	   vigorously	   to	   remove	   any	   unbound	   bacteria,	   scraped	   and	   bacteria	  recovered	   for	   plating.	   These	   bacteria	  were	   serially	   diluted	   in	   ten-­‐fold	   dilutions	   to	  	  10-­‐6	   and	   appropriate	   dilutions	   were	   plated.	   Results	   were	   expressed	   as	   CFU.ml-­‐1	  recovered	  for	  a	  standardized	  inoculum	  of	  107	  bacteria	  as	  can	  be	  seen	  in	  Figure	  3.10.	  Tfp	  play	   a	  major	   role	   in	   adhesion	   as	   the	  WT	   strain	   adheres	  more	   than	  1,000-­‐fold	  better	  than	  a	  non-­‐piliated	  mutant	  such	  as	  pilD.	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Figure	  3.10	  Quantification	  of	  adhesion	  by	  accessory	  mutants	  to	  HUVEC.	  	  Results	   are	   expressed	   as	   the	   number	   of	   CFU.ml-­‐1	   recovered	   (standardized	   to	   an	  inoculum	   of	   107	   cells),	   and	   are	   the	   means	   from	   3-­‐10	   experiments	   (±	   standard	  deviation).	  The	  WT	  and	  non-­‐piliated	  pilD	  mutant	  strains	  were	  used	  as	  positive	  and	  negative	  controls.	  Single	  mutants	  were	  analyzed	  and	  the	  restoration	  of	  adhesion	  in	  double	  mutants	  pilX/T	  and	  pilZ/T	  is	  also	  shown	  (black	  bars).	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The	  comP,	  pilT,	  pilT2,	  pilU	  and	  pilV	  mutants	  adhered	  to	  HUVEC	  at	  the	  same	  level	  as	  the	  WT.	  In	  contrast	  adhesion	  was	  strongly	  impaired	  in	  the	  non-­‐aggregative	  mutants	  in	  pilX	  and	  pilZ.	  For	  the	  pilX	  mutant	  adhesion	  was	  diminished	  to	  the	  level	  of	  the	  non-­‐piliated	  mutant	  as	  previously	  reported	  (Hélaine	  et	  al.,	  2005),	  almost	  1,800-­‐fold	  less	  than	  the	  WT	  (P	  =	  1.49	  x	  10-­‐5).	   Intriguingly,	  although	  the	  pilZ	  mutant	  adhesion	  was	  150-­‐fold	   lower	   than	   the	   WT	   (P	   =	   1.61	   x	   10-­‐5),	   this	   mutant	   exhibited	   a	   residual	  adhesion	   since	   it	   adhered	   some	   12-­‐fold	   higher	   than	   that	   of	   the	   non-­‐piliated	   pilD	  mutant	   control	   (P	   =	   1.28	   x	   10-­‐8).	   This	  was	   confirmed	  microscopically	   as	   adhering	  bacteria	  could	  be	  seen	  (Figure	  3.11).	  Interestingly,	  adhesion	  was	  very	  different	  from	  that	  of	  the	  WT	  since	  the	  pilZ	  mutant	  adhered	  in	  “broken”	  or	  “fragmented”	  clusters.	  Again,	  we	  confirmed	  that	   it	  was	  a	   lack	  of	  PilZ	   that	  was	  causing	   these	   impairments	  since	  the	  complemented	  strain	  pilZ::pilZind	  adhered	  as	  well	  as	  the	  WT.	  	  
	  
Figure	   3.11	   pilZ	   mutant	   adhesion	   to	   HUVEC	   as	   observed	   by	   phase-­contrast	  
microscopy.	  	  Wild-­‐type	   strain	   and	  non-­‐piliated	  pilD	  mutant	   are	   shown	  as	  positive	   and	  negative	  controls,	   respectively.	   Images	   were	   taken	   150	   minutes	   post-­‐infection.	   Scale	   bars	  represent	  10	  µm.	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As	   both	   of	   the	   non-­‐aggregative	   mutants	   did	   not	   adhere	   properly	   to	   HUVEC,	   we	  tested	  the	  double	  mutants	  pilX/T	  and	  pilZ/T	  to	  see	  if	  adherence	  could	  be	  restored	  as	  was	   previously	   shown	   for	   pilX/T	   (Hélaine	   et	   al.,	   2005).	   This	  was	   indeed	   the	   case	  (Figure	  3.10).	  This	  suggests	  that	  as	  for	  the	  piX	  mutant,	  the	  lack	  of	  aggregation	  in	  the	  
pilZ	  mutant	   is	   responsible	   for	   the	  defect	   in	  adhesion.	  This	  would	   indicate	   that	   the	  
pilT	  mutation	  is	  epistatic	  to	  that	  of	  the	  pilZ	  mutant	  as	  in	  the	  absence	  of	  both	  proteins	  adhesion	  is	  restored.	  To	   further	   investigate	   this	   decreased	   adhesion,	   we	   determined	   through	  immunoblotting	   of	   pilus	   preparations	   whether	   the	   co-­‐purification	   of	   Pil	   proteins	  with	  Tfp	  known	  to	  modulate	  adhesion	  to	  human	  cells,	  i.e.,	  PilC1,	  PilX,	  and	  PilV	  was	  affected	  in	  the	  absence	  of	  PilZ.	  As	  can	  be	  seen	  in	  figure	  3.12	  this	  was	  not	  the	  case,	  and	   therefore	  we	   could	   effectively	   rule	   out	   the	   lack	   of	   PilC1,	   PilX,	   and	   PilV	   in	   the	  filaments	  of	  the	  pilZ	  mutant.	  
	  
Figure	  3.12	  Western	  blotting	  analysis	  of	  pilZ	  mutant	  pilus	  preparations	  Western	  blotting	  analysis	  of	  pilZ	  mutant	  classical	  pilus	  preparations	  using	  anti-­‐PIlX	  (top),	   anti-­‐PilV	   (middle)	   and	   anti-­‐PilC1	   (bottom).	   Amounts	   of	   pilus	   preparations	  loaded	  in	  each	  well	  were	   identical	  as	  confirmed	  by	  performing	  anti-­‐PilE	  blots	  (not	  shown).	  A	   cross-­‐reacting	  band	  present	   in	  minor	  pilin	   blots,	   denoted	  by	   an	   asterix	  (*),	  is	  present	  in	  all	  of	  the	  piliated	  strains.	  WT	  and	  non-­‐piliated	  pilE	  mutant	  samples	  used	  as	  positive	  and	  negative	  controls	  in	  each	  blot.	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During	   the	   previous	   assays	   I	   observed	   adhesion	   by	  microscopy,	   which	   suggested	  that	  one	  mutant,	   in	   the	  pilU	   gene,	   seemed	   to	  adhere	   faster	   than	   the	  WT.	  Although	  adhesion	   levels	   at	   the	   end	   of	   the	   experiment	   were	   the	   same	   (Figure	   3.10),	   more	  adhering	   bacteria	   were	   seen	   for	   the	   pilU	   mutant	   at	   earlier	   time-­‐points.	   This	   was	  quantified	   by	   counting	   the	   adhering	   bacteria	   after	   the	   initial	   30	   minutes	   of	  incubation	  and	  at	  90	  minutes	  post-­‐infection	  (Figure	  3.13).	  	  This	  confirmed	  that	  the	  pilU	  mutant	  adhered	  quicker	  than	  the	  WT	  with	  an	  increase	  of	  3.8-­‐	  and	  2.7-­‐fold	  (P	  =	  0.053	  and	  0.014)	   in	  adherent	  CFU	  when	  compared	   to	   the	  WT	  at	  30	  and	  90	  min,	  respectively.	  This	  suggests	  that	  PilU	  antagonizes	  Tfp-­‐mediated	  adhesion.	  	  	  
	  	  
Figure	  3.13	  Adhesion	  kinetics	  of	  the	  pilU	  mutant.	  	  Adhesion	   to	  HUVEC	  was	   quantified	   after	   30	   and	   90	  minutes	   of	   infection.	   The	  WT	  strain	   (white	   columns)	   was	   included	   as	   a	   control.	   The	   results	   are	   the	   mean	   (±	  standard	  deviation)	  from	  five	  independent	  experiments.	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Another	   interesting	   observation	   was	   that	   the	   adhering	  micro-­‐colonies	   of	   the	   pilV	  mutant	   showed	   a	   remarkable	   amount	   of	   bacterial	   movement.	   As	   above	   this	   was	  documented	   by	   producing	   short	   30	   seconds	   HD	   videos	   using	   the	   microscope-­‐mounted	   camera.	   Like	   the	   above	   twitching	   motility	   movies,	   these	   movies	   can	   be	  seen	   at	   http://iai.asm.org/cgi/content/full/78/7/3053/DC1	   (Brown	   et	   al.,	   2010).	  The	  WT	  adhering	  micro-­‐colonies	  are	  compact	  and	  exhibit	  very	  little	  movement,	  with	  motility	  restricted	  to	  bacteria	  on	  the	  top	  layer	  of	  the	  microcolony,	  i.e.	  those	  that	  are	  not	  directly	  attached	  to	  the	  endothelial	  cells.	  With	  the	  pilV	  mutant,	  almost	  all	  of	  the	  bacterial	   cells	   are	   moving	   due	   to	   what	   appears	   to	   be	   an	   increase	   in	   twitching	  motility.	  This	  movement	  was	  not	  induced	  by	  the	  host	  cells	  since	  it	  was	  also	  observed	  with	  HUVEC	  that	  were	  fixed	  with	  paraformaldehyde	  prior	  to	  infection.	  Taken	   together,	   these	   results	   show	   that	   5	   accessory	   proteins	   play	   a	   role	   in	   Tfp-­‐mediated	  adhesion.	  PilX	  and	  PilZ	  are	  essential	  for	  adhesion.	  PilU,	  PilV	  and	  PilT	  affect	  adhesion	   in	   a	   qualitative	   manner,	   altering	   the	   adhesion	   dynamics,	   microcolony	  formation	  and	  progression	  to	  intimate	  adhesion	  respectively.	  	  
3.4	  Cross-­complementing	  phenotypic	  studies	  All	   the	   previous	   observations	  were	  made	   using	  mutants.	   Another	  way	   to	   provide	  functional	   information	   is	   to	  monitor	  phenotypic	  differences	  when	  genes	   are	  over-­‐expressed.	   Therefore,	   we	   constructed	   vectors	   to	   over-­‐express	   each	   of	   the	   7	  accessory	   genes	   (pilT,	   pilT2,	   pilU,	   pilV,	   pilX,	   pilZ	   and	   comP).	   Genes	  were	   amplified	  using	   specific	   primers,	   cloned	   into	   pCR®8⁄GW⁄TOPO®	   (Invitrogen),	   checked	   by	  sequencing	  and	   sub-­‐cloned	   into	   the	  pGCC4	  vector	   (Mehr	  et	   al.,	   2000).	  This	  placed	  them	  under	  the	  control	  of	  a	  strong	  IPTG-­‐inducible	  promoter	  that	  is	  functional	  both	  in	   E.	   coli	   and	   N.	   meningitidis.	   The	   cloned	   gene	   is	   adjacent	   to	   an	   erythromycin	  resistance	   cassette	   for	   antibiotic	   selection	   in	   Neisseria	   and	   within	   a	   region	  conserved	   in	   both	   the	   gonococcal	   and	   meningococcal	   genomes.	   This	   allows	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transformation	  in	  Neisseria	  and	  selection	  of	  clones	  harbouring	  the	  inducible	  gene	  in	  their	  chromosome	  after	  homologous	  recombination.	  These	   vectors	   were	   first	   transformed	   into	   the	  WT	   strain.	   These	   inducible	   strains	  were	   then	   transformed	  with	   chromosomal	   DNA	   of	   various	  mutants	   to	   create	   the	  complemented	   and	   cross-­‐complemented	   strains	   that	   are	   outlined	   in	   Table	   3.2.	   As	  can	   be	   seen,	   we	   particularly	   focused	   on	   cross-­‐complementation	   studies	   within	  previously	  determined	  groups	  (e.g.	  minor	  pilins	  or	  PilT-­‐like	  proteins)	  or	  for	  proteins	  exhibiting	  similar	   similar	  phenotypes,	   i.e.	  PilX	  and	  PilZ.	  The	  resulting	  strains	  were	  then	  phenotypically	  characterized	  using	  the	  same	  assays	  as	  above.	  	  
Table	  3.2	  Complementation	  strains	  constructed	  	  
	   pilTind	   pilT2ind	   pilUind	   comPind	   pilVind	   pilXind	   pilZind	  
pilT	   ✓ 	   ✓ 	   ✓ 	   -­‐	   -­‐	   -­‐	   -­‐	  
pilT2	   ✓ 	   ✓ 	   ✓ 	   -­‐	   -­‐	   -­‐	   -­‐	  
pilU	   ✓ 	   ✓ 	   ✓ 	   -­‐	   -­‐	   -­‐	   -­‐	  
comP	   -­‐	   -­‐	   -­‐	   ✓ 	   ✓ 	   ✓ 	   -­‐	  
pilV	   -­‐	   -­‐	   -­‐	   ✓ 	   ✓ 	   ✓ 	   -­‐	  
pilX	   -­‐	   -­‐	   -­‐	   ✓ 	   ✓ 	   ✓ 	   ✓ 	  
pilZ	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   ✓ 	   ✓ 	  
✓	  =	  the	  strain	  has	  been	  constructed,	  -­‐	  =	  the	  strain	  has	  not	  been	  constructed	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3.4.1	  Minor	  pilins	  ComP,	  PilV	  and	  PilX	  are	  all	  minor	  components	  of	  the	  fibers	  that	  play	  different	  roles	  in	  Tfp	  biology.	  We	  tested	  whether	  they	  could	  modulate	  each	  other’s	  functions	  using	  cross-­‐complemented	  strains.	  Firstly,	  we	  observed	  that	  only	  the	  overexpression	  of	  ComP	  in	  the	  comP	  background	  could	  restore	  transformability	  (5.1-­‐fold	  increase	  when	  compared	  to	  the	  WT	  strain).	  Neither	  the	  over-­‐expression	  of	  PilV	  or	  PilX	  in	  the	  absence	  of	  ComP	  had	  any	  affect	  on	  competence,	   suggesting	   that	   ComP	   plays	   a	   unique	   role	   in	   competence	   for	   DNA	  transformation.	  Secondly,	  we	  tested	  whether	  over-­‐expression	  of	  PilV	  or	  ComP	  could	  complement	  the	  multiple	   phenotypic	   defects	   in	   the	   pilX	   mutant	   (Figure	   3.14.),	   which	   led	   to	  interesting	  observations.	  	  When	  aggregation	  was	  tested	  (Figure	  3.14.	  A),	  we	  saw	  that	  over-­‐expression	  of	  PilV	  in	   the	  pilX	  mutant	   background	   led	   to	   no	   difference	   compared	   to	   the	  pilX	  mutant.	  However,	   the	   pilX/comPind	   strain	   formed	   seemingly	   flat	   aggregates	   upon	  overexpression	  of	  ComP	  suggesting	   that	   there	  was	  partial	   cross-­‐complementation.	  Unlike	  normal	  aggregates,	  these	  aggregates	  disappeared	  upon	  gentle	  agitation	  of	  the	  plate,	  which	   indicates	  that	  they	  are	  very	  fragile.	  As	  could	  be	  predicted	  considering	  the	   close	   link	   between	   aggregation	   and	   adhesion,	   this	   partial	   restoration	   in	  aggregation	  was	  echoed	  to	  some	  level	  when	  the	  pilX/comPind	  strain	  was	  tested	  in	  the	  adhesion	   assay	   (Figure	   3.14.B).	   This	   strain	   adhered	   4.6-­‐fold	   better	   than	   the	   pilX	  mutant	  (P	  =	  0.043).	  This	  was	  also	  observed	  in	  the	  competence	  assay	  (Figure	  3.14.C),	  since	  overexpression	  of	  ComP	  resulted	   in	   an	   increase	   in	   transformability	  by	  11.3-­‐fold	   with	   no	   significant	   difference	   to	   the	   WT	   competence	   levels	   (P	   =	   0.635).	  Interestingly,	  when	  the	  other	  minor	  pilin	  PilV	  was	  overexpressed	  in	  the	  pilX	  mutant	  background	   it	   had	   an	   opposite	   effect,	   i.e.	   it	   resulted	   in	   a	   10-­‐fold	   decrease	   in	  transformability	  compared	  to	  the	  pilX	  mutant	  (P	  =	  0.072).	  This	  is	  consistent	  with	  the	  negative	  role	  of	  PilV	  in	  competence	  (see	  Figure	  3.7).	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Figure	  3.14	  Cross-­complementation	  of	  functional	  defects	  in	  the	  pilX	  mutant.	  Aggregation,	   adhesion	   and	   competence	   of	   the	   pilX/comPind	   and	   pilX/pilVind	   cross-­‐complementing	  strains.	  (A)	  Aggregation	  as	  assessed	  by	  phase-­‐contrast	  microscopy	  following	   2	   hours	   of	   incubation.	   The	   pilX/pilXind	   strain	   is	   included	   as	   a	   positive	  control.	   Scale	   bars	   represent	   10	   µm.	   (B)	   Adhesion	   of	   the	   pilX/comPind	   strain	   to	  HUVEC	  following	  4.5	  hours	  of	  infection.	  The	  WT	  strain	  and	  pilD	  and	  pilX	  mutants	  are	  present	  as	  controls.	  (C)	  Quantification	  of	  competence	  for	  DNA	  transformation	  of	  the	  
pilX/comPind	  and	  pilX/pilVind	  strains.	  The	  results	  are	  expressed	  as	  the	  percentage	  of	  transformants	  compared	  to	  recipient	  (transformed)	  cells	  and	  are	  the	  means	  of	  4-­‐6	  independent	  experiments	  (±	  standard	  deviation).	  The	  WT,	  pilD,	  pilX	  and	  pilX/pilXind	  strains	  are	  included	  as	  controls.	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These	   results	   show	   that	   although	   there	   is	   no	   major	   functional	   redundancy	   with	  regard	  to	  the	  minor	  pilins,	  these	  proteins	  have	  the	  ability	  to	  influence	  the	  functions	  of	  each	  other	  in	  both	  a	  positive	  and	  negative	  manner.	  	  
3.4.2	  PilX	  and	  PilZ	  As	  both	   the	   pilX	   and	  pilZ	  mutants	   lacked	  aggregation	  and	  adhesion	  we	  decided	   to	  see	  what	  would	   occur	   if	   PilX	  was	   over-­‐expressed	   in	   a	  pilZ	  mutant	   and	   vice-­‐versa	  (Figure	  3.15.).	  	  With	  regard	  to	  aggregation	  it	  was	  interesting	  to	  see	  that	  both	  cross-­‐complemented	  strains	  did	   form	  morphologically	   different	   aggregates	   (Figure	  3.15.A).	   These	  were	  particularly	   loose	   in	   the	  pilZ/pilXind	   strain.	   As	  was	   seen	   above	   in	   the	  pilX/comPind	  strain,	  these	  aggregates	  were	  fragile	  and	  dissociated	  upon	  slight	  agitation.	  Similarly,	  when	   tested	   for	   their	   adhesive	   abilities	   (Figure	   3.15.B),	   the	   pilX/pilZind	   displayed	  adhesive	   abilities	   almost	   9-­‐fold	   higher	   than	   the	  mutant	   (P	   =	   0.02).	   There	  was	   no	  effect	  on	  adhesion	  upon	  overexpression	  of	  PilX	  in	  the	  pilZ/pilXind	  strain	  despite	  the	  slight	   restoration	   of	   aggregation.	   This	   could	   well	   be	   due	   to	   the	   fragility	   of	   the	  aggregates	  formed	  by	  this	  strain.	  These	   results	   indicate	   that	   PilX	   and	  PilZ	   have	   the	   ability	   to	   influence	   each	  other’s	  functions	  or	  functions	  in	  the	  same	  pathway.	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Figure	  3.15	  PilX-­PilZ	  cross-­complementation	  studies.	  	  Aggregation	  and	  adhesion	  of	  the	  cross-­‐complementating	  pilX/pilZind	  and	  pilZ/pilXind	  strains.	  (A)	  Aggregation	  following	  2	  hours	  of	  growth	  as	  assessed	  by	  phase-­‐contrast	  microscopy.	  Scale	  bars	  represent	  10	  µm.	  (B)	  Adhesion	  to	  HUVEC	  following	  4.5	  hours	  of	   infection.	   Results	   are	   expressed	   as	   the	   number	   of	   CFU.ml-­‐1	   recovered	  (standardized	   to	   an	   inoculum	   of	   107	   cells),	   and	   are	   the	   means	   from	   3-­‐10	  experiments	   (±	   standard	  deviation).	   The	  WT	   strain	   and	  pilD,	  pilX	   and	  pilZ	  mutant	  strains	  are	  present	  as	  controls.	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3.4.3	  PilT-­like	  proteins	  	  As	  these	  proteins	  display	  high	  sequence	  similarity	  and	  are	  apparently	  all	  ATPases,	  it	  was	   interesting	   to	   see	   whether	   over-­‐expression	   of	   either	   PilT2	   or	   PilU	   could	  compensate	  for	  the	  lack	  of	  PilT.	  When	  aggregation	  was	  tested	  (Figure	  3.16.A),	  we	  found	  that	  only	  the	  complemented	  strain	   (pilT/pilTind)	   exhibited	   normal	   aggregates	   that	   could	   undergo	   twitching	  motility.	  The	  aggregates	  seen	  in	  the	  other	  two	  strains,	  pilT/pilT2ind	  and	  pilT/pilUind,	  remained	  irregular	  and	  static,	   like	  that	  of	  the	  pilT	  mutant.	  This	   indicates	  that	  pilus	  retraction	  could	  not	  be	  restored	  by	  overexpression	  of	  PilT2	  or	  PilU.	  This	  was	  further	  reinforced	  when	  DNA	  competence	  was	  tested	  (Figure	  3.16.B),	  as	  none	  of	  the	  cross-­‐complemented	  strains	  restored	  transformability	  above	  the	  level	  in	  the	  pilT	  mutant.	  In	   contrast,	   the	   complemented	   pilT/pilTind	   strain	   was	   perfectly	   competent,	   with	  transformation	  2.5-­‐fold	  higher	  than	  in	  the	  WT	  (P	  =	  0.0013).	  This	  shows	  emphatically	  that	  neither	  of	  the	  PilT-­‐like	  proteins	  could	  replace	  the	  PilT	  in	  N.	  meningitidis	  and	  power	  retraction	  of	  the	  filaments	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Figure	  3.16	  PilT-­like	  proteins	  cross	  complementation	  studies.	  	  Aggregation	   and	   DNA	   competence	   in	   cross-­‐complemented	   pilT/pilT2ind	   and	  
pilT/pilUind	  strains.	  (A)	  Aggregation	  following	  2	  hours	  of	  incubation	  as	  assessed	  by	  phase-­‐contrast	  microscopy.	  The	  pilT/pilTind	  strain	  is	  included	  as	  a	  control.	  Scale	  bars	  represent	  10	  µm.	  (B)	  Quantification	  of	   competence	   for	  DNA	   transformation	  of	   the	  
pilT/pilT2ind	  and	  pilT/pilUind	  strains.	  The	  WT,	  pilT/pilTind	  strains	  and	  the	  pilD	  and	  pilT	  mutants	  were	   included	  as	  controls.	  The	  results	  are	  expressed	  as	  the	  percentage	  of	  transformants	  compared	  to	  recipient	  (transformed)	  cells	  and	  are	  the	  means	  of	  4-­‐6	  independent	  experiments	  (±	  standard	  deviation).	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Chapter	  4:	  In-­depth	  functional	  and	  biochemical	  analysis	  of	  
PilZ	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4.1	  Introduction	  The	   role	   of	   PilZ	   in	   Tfp	   biology	   is	   unclear,	   being	   essential	   for	   Tfp	   biogenesis	   in	  P.	  
aeruginosa	  (Alm	  et	  al.,	  1996a)	  and	  dispensable	  in	  N.	  meningitidis	  (Carbonnelle	  et	  al.,	  2005).	  At	  the	  beginning	  of	  my	  PhD	  project,	  the	  only	  paper	  published	  concerning	  this	  protein	  was	  in	  P.	  aeruginosa	  and	  was	  published	  10	  years	  before	  (Alm	  et	  al.,	  1996a).	  Together	   with	   these	   observations,	   the	   fact	   that	   we	   found	   that	   the	   pilZ	   mutant	  showed	   an	   interesting	   phenotype	   warranted	   further	   research	   on	   this	   protein.	  Therefore	  we	  attempted,	  with	  limited	  success	  as	  will	  be	  seen,	  to	  study	  this	  protein	  further	  by	  attempting	  to	  localize	  it	  and	  to	  purify	  it	  for	  a	  structural	  biology	  approach.	  	  
4.2	  Detection	  and	  localization	  of	  PilZ	  
	  
4.2.1	  Detection	  of	  PilZ	  using	  an	  anti-­PilZ	  polyclonal	  antibody	  One	   of	   the	   first	   things	   to	   perform	  when	   studying	   a	   new	   protein	   is	   to	   detect	   it	   to	  show	   that	   it	   is	   expressed.	   This	   is	   usually	   done	   by	  Western	   blotting	   of	   whole	   cell	  extracts	   using	   a	   specific	   antibody.	   To	   accomplish	   this	   an	   antibody	  was	   previously	  raised	   in	  our	  group	  by	   injecting	  rabbits	  with	  a	  His-­‐tagged	  PilZ	  produced	  using	   the	  pET20	  vector.	  As	   can	  be	   seen	   in	   Figure	  4.1,	   this	   antibody	   could	  not	   detect	   PilZ	   in	  whole	  cell	  lysates	  made	  from	  the	  WT	  strain.	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Figure	  4.1	  Detection	  of	  PilZ.	  	  Detection	  was	  attempted	   in	  various	  strains	  by	  Western	  blotting	  using	  a	  polyclonal	  anti-­‐PilZ	  antibody.	  Whole	  cell	  extracts	  (5	  µg	  each	  lane)	  separated	  by	  SDS-­‐PAGE	  (top)	  and	  tricine	  SDS-­‐PAGE	  (bottom)	  were	  used.	  pilZind	  E.	  coli	  control	  contains	  the	  pYU35	  plasmid	  which	  encodes	  the	  pilZind	  allele.	  
	  To	  determine	  whether	  the	  antibody	  could	  detect	  PilZ	  we	  decided	  to	  use	  the	  E.	  coli	  strain	   containing	   the	   vector	   with	   the	   pilZind	   allele	   constructed	   previously	   to	  complement	  the	  phenotypes	  of	  the	  pilZ	  mutant	  and	  perform	  cross-­‐complementation	  studies	  (see	  chapter	  3).	  Upon	  induction	  of	  pilZind	  in	  E.	  coli,	  PilZ	  could	  be	  detected	  by	  western	   blotting	   using	   the	   anti-­‐PilZ	   antibody	   (Figure	   4.1),	   confirming	   that	   the	  antibody	  was	  good.	  We	  therefore	  thought	  that	  the	  level	  of	  PilZ	  expression	  in	  the	  WT	  strain	  was	  too	  low	  for	   detection,	   which	   prompted	   us	   to	   attempt	   to	   detect	   the	   protein	   in	   the	  complemented	   pilZ/pilZind	  N.	  meningitidis	   strain.	   This	   strain	   expressed	   PilZ	   in	   the	  presence	  of	  IPTG	  as	  all	  the	  phenotypic	  defects	  in	  the	  pilZ	  mutant	  could	  be	  restored	  (see	  chapter	  3).	  To	  do	  this	  whole	  cell	  lysates	  were	  prepared	  from	  the	  complemented	  
pilZ/pilZind	   grown	  on	  GCB	  plates	   containing	  no	   IPTG	   (uninduced)	   or	  500	  µM	   IPTG	  (induced).	   As	   above,	   PilZ	   could	   not	   be	   detected	   (Figure	   4.1).	   Since	   PilZ	   is	   a	   small	  protein	  (~13kDa),	  we	  attempted	  to	  improve	  the	  separation	  of	  the	  proteins	  by	  using	  a	   method	   of	   SDS-­‐PAGE	   with	   Tricine	   in	   the	   running	   buffer	   instead	   of	   Glycine	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(Schagger	   and	   Vonjagow,	   1987).	   This	   method	   allows	   better	   resolution	   of	   small	  proteins	   (between	   5	   and	   20	   KDa)	   than	   traditional	   SDS-­‐PAGE.	   Unfortunately,	  although	   there	   was	   better	   resolution	   for	   the	   small	   proteins,	   as	   was	   seen	   in	  Coomassie	   stained	   gels,	   the	   actual	   result	   remains	   negative	   as	   PilZ	   could	   not	   be	  detected	  (Figure	  4.1)	  The	  next	  logical	  step	  was	  to	  determine	  how	  sensitive	  the	  anti-­‐PilZ	  antibody	  was	  as	  this	   may	   be	   contributing	   to	   the	   poor	   detection.	   This	   was	   done	   by	   Western	   blot	  (Figure	  4.2),	  using	  known	  amounts	  of	  purified	  recombinant	  PilZ	  protein	  (produced	  from	  the	  MBP-­‐PilZ	  fusion	  protein,	  see	  chapter	  4.3).	  	  
	  
Figure	  4.2	  Testing	  the	  sensitivity	  of	  the	  anti-­PilZ	  antibody.	  	  The	  sensitivity	  of	  the	  anti-­‐PilZ	  antiserum	  was	  tested	  by	  probing	  known	  amounts	  of	  purified	  recombinant	  PilZ	  by	  Western	  blotting.	  	  	  This	  showed	  that	  the	  antibody	  is	  fairly	  sensitive	  as	  we	  were	  able	  to	  detect	  as	  little	  as	  14	  ng	  of	  PilZ	  protein.	  Therefore,	  this	  ruled	  out	  poor	  sensitivity	  of	  the	  antibody	  being	  responsible	  for	  the	  impossibility	  to	  detect	  PilZ	  in	  N.	  meningitidis.	  	  
4.2.2	   Detection	   of	   a	   His-­tagged	   PilZ	   using	   a	   commercial	   anti-­His	  
antibody	  In	  a	  further	  attempt	  to	  detect	  the	  PilZ	  protein	  in	  the	  meningococcus,	  we	  decided	  to	  produce	  His-­‐tagged	  versions	  of	  PilZ	   so	   that	   a	  highly	   sensitive	   commercial	   anti-­‐His	  antibody	  could	  be	  used	   for	  Western	  blotting.	  These	  alleles	  were	  constructed	  using	  two	  pairs	  of	  specific	  PCR	  primers,	  pilZHisN	  and	  pilZindR	  to	  add	  a	  6xHis	  tag	  to	  the	  N-­‐
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terminus	  of	  PilZ	  and	  pilZindF	  and	  pilZHisC	  to	  produce	  a	  PilZ	  with	  a	  C-­‐terminal	  6xHis	  tag.	   As	   previously,	   these	   two	   fragments	   were	   amplified,	   cloned	   into	  pCR®8/GW/TOPO®,	  sequenced	  and	  sub-­‐cloned	  into	  pGCC4	  (Mehr	  et	  al.,	  2000).	  This	  puts	   the	   genes	   under	   the	   transcriptional	   control	   of	   the	   IPTG-­‐inducible	   lacP	  promoter,	   and	   allows	   insertion	   in	   trans	   in	  N.	   meningitidis.	   This	   created	   plasmids	  pYU78	   (pilZHisCind)	   and	   pYU79	   (pilZHisNind).	   Firstly,	   I	   confirmed	   that	   the	   tagged	  proteins	   could	  be	  detected	   in	  E.	   coli	  using	  a	  monoclonal	   anti-­‐His	   antibody	   (Figure	  4.3).	   Whole	   cell	   protein	   extracts	   were	   produced	   prior	   to	   and	   following	   IPTG	  induction	   from	  small	  volume	   liquid	  cultures.	  The	  proteins	  were	  separated	  by	  SDS-­‐PAGE	  and	  gels	  were	  stained	  by	  Coomassie	  or	  probed	  by	  Western	  blotting	  using	  anti-­‐His	  antibody.	  	  	  
	  
Figure	  4.3	  Detection	  of	  His-­tagged	  PilZ	  in	  E.	  coli.	  	  Whole	  cell	  extracts	  of	  analysis	  of	  E.	  coli	  strains	  producing	  PilZHisCind	  (clones	  2,	  4,	  4b	  and	  7)	   and	  PilZHisNind	   (clones	  2,	   7,	   10	   and	  17)	  were	   separated	  by	   SDS-­‐PAGE.	   (A)	  Coomassie	  staining.	  (B)	  Western	  blotting	  using	  monoclonal	  anti-­‐His	  antibody.	  PilZ	  at	  around	  13	  KDa	  is	  clearly	  shown	  by	  the	  arrows.	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These	  showed	  that	  upon	  induction,	  a	  protein	  of	  around	  13	  KDa	  could	  be	  seen	  after	  Coomassie	  staining	  of	  the	  gels	  for	  both	  tagged	  PilZ	  versions	  (Figure	  4.3.A).	  However,	  the	  PilZ6xHisN	  seemed	   to	  be	  over-­‐expressed	   to	  a	  higher	   level	   than	   the	  PilZ6xHisC	  version.	   Both	   proteins	   could	   also	   be	   detected	   by	   Western	   blotting	   using	   a	  commercial	  antibody	  (Figure	  4.3.B).	  The	  next	  step	  was	  to	  insert	  the	  two	  His-­‐tagged	  alleles	  into	  the	  meningococcus	  to	  see	  if	  they	  could	  be	  detected	  by	  Western	  blotting.	  The	  above	  plasmids	  were	  transformed	  in	  the	  WT	  strain	  and	  the	  pilZ	  mutation	  was	  subsequently	  transformed	  into	  each	  of	  the	  strains	  to	  create	  the	  pilZ/pilZHisNind	  and	  pilZ/pilZHisCind	  N.	  meningitidis	  strains.	  However,	  the	  proteins	  could	  not	  be	  detected	  (Figure	  4.4.A)	  using	  whole	  cell	  extracts	  made	   from	   pilZ/pilZHisNind	   and	   pilZ/pilZHisCind	   strains	   grown	   overnight	   on	   GCB	  plates	  supplemented	  with	  either	  500µM	  IPTG	  (induced)	  or	  no	  IPTG	  (uninduced).	  	  
	  
Figure	  4.4	  Detection	  of	  His-­tagged	  PilZ	  in	  N.	  meningitidis.	  	  
(A)	   Western	   blotting	   using	   anti-­‐His-­‐HRP	   antibody	   on	   whole-­‐cell	   extracts	   from	  
pilZ/pilHisNind	   and	   pilZ/pilZHisCind	   strains	   -­‐/+	   IPTG	   induction.	  E.	   coli	   (pYU79)	  was	  used	   as	   a	   positive	   control.	   PilZ6xHis	   is	   shown	   by	   the	   arrow.	   (B)	   Immuno-­‐purification	   of	   His-­‐tagged	   PilZ	   using	   anti-­‐His-­‐HRP	   antibody	   from	   protein	   extracts	  prepared	  using	  B-­‐PER®	  reagent	   from	  Thermo	  Scientific.	  PilZ6xHis	   is	  shown	  by	  the	  arrow.	  	  This	  impossibility	  to	  detect	  PilZ	  was	  examined	  at	  great	  length,	  optimizing	  conditions	  for	  growth	  (on	  plates	  and/or	  in	  liquid	  culture),	  induction,	  SDS-­‐PAGE	  (use	  of	  Tricine	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gels)	  and	  transfer	  (semi-­‐dry)	  and	  also	  Western	  blotting	  detection	  methods.	  None	  of	  the	  optimization	  steps	  allowed	  the	  detection	  of	  PilZ.	  A	   final	   attempt	   to	   try	   and	   detect	   His-­‐tagged	   PilZ	   consisted	   of	   an	   immuno-­‐purification	  using	  an	  anti-­‐His-­‐HRP	  antibody	  (Figure	  4.4.B).	  Briefly,	  the	  antibody	  was	  incubated	   with	   B-­‐Per	   lysates	   of	   N.	   meningitidis	   strains	   (WT,	   pilZ/pilZHisNind	   and	  
pilZ/pilZHisCind	   -­‐/+	   IPTG)	  and	  the	  positive	  control	  E.	  coli	  (pYU79)	  on	  a	  wheel	   for	  a	  couple	   of	   hours.	   This	  was	   further	   incubated	  with	   Protein	   A	   coated	   para-­‐magnetic	  Dynabeads®	   (Invitrogen).	   The	   samples	   were	   applied	   to	   a	   magnet	   to	   remove	   the	  supernatant	   before	   a	   series	   of	   washes	   were	   completed	   to	   remove	   unwanted	  contaminants.	   Samples	   were	   then	   prepared	   for	   SDS-­‐PAGE	   analysis	   and	  subsequently	   subjected	   to	   Western	   blotting	   using	   an	   anti-­‐His-­‐HRP	   conjugate	  antibody.	  Again,	  although	  His-­‐tagged	  PilZ	  could	  be	   immuno-­‐purified	   from	  E.	   coli	   it	  was	  not	  possible	  to	  detect	  it	  in	  N.	  meningitidis.	  	  It	   should	   be	   noted	   that	   both	   pilZ/pilZHisNind	   and	   pilZ/pilZHisCind	   strains	   were	  capable	  of	  forming	  aggregates	  and	  adhering	  to	  human	  cells	  upon	  induction	  by	  IPTG	  (data	  not	  shown)	  showing	  that	  the	  tagged	  proteins	  are	  not	  only	  produced	  but	  also	  functional.	   It	   remains	   therefore	   puzzling	   why	   we	   were	   not	   able	   to	   detect	   this	  protein.	  	  
4.3	  Purification	  of	  PilZ	  for	  crystallization	  studies	  In	  parallel,	   to	  attempt	   to	  purify	   the	  PilZ	  protein	  under	  a	  native	   form	  that	  could	  be	  used	  for	  crystallization	  studies	  we	  used	  the	  pMAL	  purification	  system	  (New	  England	  Biolabs).	   This	   system	   was	   chosen	   as	   it	   usually	   enhances	   solubility	   of	   the	   target	  protein,	  and	  the	  His-­‐tagged	  PilZ	  that	  was	  previously	  purified	  and	  used	  for	  antibody	  production	  was	   found	   to	  be	   insoluble.	  The	  vector	  used	   in	   this	   system	  contains	   an	  IPTG-­‐inducible	  promoter	  that	  drives	  the	  expression	  of	  the	  E.	  coli	  malE	  gene	  (which	  encodes	   the	   maltose-­‐binding	   protein	   MBP).	   Downstream	   and	   in-­‐frame	   with	   this	  gene	  is	  a	  multiple	  cloning	  site	  (MCS)	  into	  which	  target	  genes	  can	  be	  cloned.	  Between	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MBP	   and	   the	   fused	   protein	   there	   is	   a	   site	   for	   the	   factor	   Xa	   protease	   allowing	   the	  target	  protein	  to	  be	  cleaved	  from	  the	  fused	  MBP.	  	  
4.3.1	  Construction	  of	  pMAL-­c2x-­pilZ	  As	  PilZ	  is	  hypothesized	  to	  be	  located	  in	  the	  cytoplasm	  (Alm	  et	  al.,	  1996a),	  I	  used	  the	  pMAL-­‐c2x	  vector	  that	  contains	  a	  copy	  of	  the	  malE	  gene	  lacking	  a	  signal	  peptide,	  this	  allows	  the	  MBP-­‐PilZ	   fusion	  protein	  to	  be	  produced	  in	  the	  cytoplasm.	  To	  create	  the	  expression	  vector	  pYU34	  the	  native	  N.	  meningitidis	  pilZ	  gene	  was	  amplified,	  cloned	  into	   the	   pCR®2.1.TOPO®	   vector,	   sequenced,	   and	   sub-­‐cloned	   into	   the	   pMAL-­‐c2x	  vector.	  Table	   4.1	   shows	   the	  main	   features	   (length,	  molecular	   weight	   and	   theoretical	   iso-­‐electric	   points	   pI)	   of	   the	   whole	   fusion	   protein	   and	   the	   two	   proteins	   obtained	  following	  factor	  Xa	  cleavage.	  	  
Table	  4.1	  Relevant	  characteristics	  of	  the	  MBP-­PilZ	  fusion	  protein	  and	  its	  two	  
domains	  following	  Factor	  Xa	  cleavage	  	   Amino	  acids	   Molecular	  weight	   Iso-­‐electric	  point	  (pI)	  MBP-­‐PilZ	  fusion	   507	   55.8	  KDa	   5.19	  Cleaved	  MBP	  domain	   387	   42.5	  KDa	   4.99	  Cleaved	  PilZ	  domain	   120	   13.3	  KDa	   6.4	  	  
4.3.2	  Testing	  the	  MBP-­PilZ	  fusion	  protein	  I	  first	  assessed	  the	  expression	  of	  the	  MBP-­‐PilZ	  fusion	  protein	  in	  E.	  coli	  (Figure	  4.5).	  Four	  different	  clones	  of	   the	  pYU34	  plasmids	  were	  chosen	  (1,	  4,	  5	  and	  7)	  grown	  in	  small	   cultures	   (20	  ml)	   to	   an	   OD600nm	   of	   0.5.	   An	   aliquot	  was	   then	   removed	   as	   the	  uninduced	  sample,	  before	  adding	  400	  µM	   IPTG	  and	  growing	   for	  a	   further	  2	  hours	  before	   preparing	   the	   induced	   samples.	   Induction	   was	   assessed	   by	   Coomassie	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staining	   following	   SDS-­‐PAGE	   separation	   of	   total	   protein	   extracts.	   Following	   IPTG	  induction	  there	  was	  good	  expression	  of	  the	  MBP-­‐PilZ	  protein	  in	  all	  the	  clones	  tested.	  	  
	  
Figure	  4.5	  Expression	  of	  the	  MBP-­PilZ	  fusion	  protein.	  	  Expression	  of	  MBP-­‐PilZ	  fusion	  protein	  from	  uninduced	  (-­‐IPTG)	  and	  induced	  (+IPTG)	  
E.	  coli	  (pYU34)	  clones	  1,	  4,	  5	  and	  7.	  Whole-­‐cell	  lysates	  were	  separated	  by	  SDS-­‐PAGE	  before	   Coomassie	   staining.	  MBP-­‐PilZ	   (indicated	   by	   an	   arrow)	   can	   be	   seen	   at	  ~55	  KDa	  in	  each	  of	  the	  induced	  samples.	  	  Plasmids	   4	   and	   7	   were	   further	   chosen	   to	   determine	   the	   solubility	   of	   the	   fusion	  protein,	  which	   is	   especially	   important	   for	   structural	   studies.	   Bacteria	  were	   grown	  with	  or	  without	  IPTG	  before	  they	  were	  subjected	  to	  lysozyme	  treatment	  followed	  by	  mechanical	   disruption	   (sonication).	   This	   lysate	   was	   then	   centrifuged.	   The	  supernatant	   contained	   the	   proteins	   deemed	   to	   be	   soluble,	   whilst	   the	   insoluble	  proteins	  were	   in	   the	  pellet.	  The	  soluble	  and	   insoluble	  (the	  previous	  pellet	  washed	  and	   resuspended	   in	   Laemmli	   buffer)	   fractions	   were	   separated	   by	   SDS-­‐PAGE	   and	  stained	   by	   Coomassie	   (Figure	   4.6).	   This	   confirmed	   that	   the	   MBP-­‐PilZ	   fusion	   was	  soluble,	  which	  was	  an	  important	  result.	  
	   	  
	   	  148	  
	  
Figure	  4.6	  Assessing	  the	  solubility	  of	  the	  MBP-­PilZ	  fusion	  protein.	  	  Both	   soluble	   and	   insoluble,	   uninduced	   and	   IPTG-­‐induced	   samples	   prepared	   from	  	  	  	  
E.	   coli	   (pYU34)	   clones	   1	   and	   4	   were	   separated	   by	   SDS-­‐PAGE	   and	   stained	   by	  Coomassie.	  MBP-­‐PilZ	  can	  be	  seen	  in	  both	  the	  induced	  soluble	  fractions.	  
	  Next	  MBP-­‐PilZ	  was	  subjected	  to	  an	  amylose	  resin	  binding	  assay	  was	  completed	  by	  incubating	  the	  clarified	  soluble	  fraction	  with	  amylose	  resin	  before	  washing	  with	  10	  x	  1	  ml	  aliquots	  of	  column	  buffer.	  This	  confirmed	  that	  the	  fusion	  protein	  PilZ	  binds	  amylose	  and	  is	  not	  removed	  by	  the	  succession	  of	  washes	  (data	  not	  shown).	  A	  small	  scale	  or	  pilot	  experiment	  was	  then	  completed	  to	  give	  an	  indication	  of	  how	  the	  fusion	  protein	  would	  react	  under	  experimental	  conditions.	  This	  experiment	  was	  done	  with	  a	   small	  volume	  of	   culture	   (200	  ml).	  Purification	  of	  MBP-­‐PilZ	   fusion	  protein	  over	  a	  small	   bed	   of	   amylose	   resin	   was	   completed	   by	   first	   passing	   the	   clarified	   soluble	  lysate	  through	  the	  resin	  in	  a	  drip	  column,	  then	  washing	  the	  column	  with	  10	  column	  volumes	  (CV)	  of	  column	  buffer	  before	  eluting	   in	  1	  ml	  fractions	  with	  column	  buffer	  containing	  10	  mM	  maltose.	  Analysis	  of	  the	  elution	  fractions	  showed	  that	  the	  fusion	  protein	  eluted	   in	   the	   first	   six	  elution	   fractions	   (Figure	  4.7),	  with	   fractions	  2	  and	  3	  containing	  the	  highest	  concentrations.	  I	  could	  purify	  ~1.6	  mg	  of	  protein,	  which	  is	  a	  fairly	  good	  yield.	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Figure	  4.7	  Pilot	  experiment	  to	  test	  MBP-­PilZ	  purification.	  	  Purification	   was	   done	   using	   a	   clarified	   lysate	   prepared	   from	   200	   ml	   of	   induced	  cultures	  of	  E.	   coli	   (pYU34).	  Elution	   fractions	  were	  assessed	  by	  Coomassie	   staining	  following	  SDS-­‐PAGE	  separation.	  The	  majority	  of	  the	  MBP-­‐PilZ	  (~55	  KDa)	  was	  eluted	  in	  the	  2nd	  and	  3rd	  elution	  fractions,	  in	  which	  it	  is	  the	  major	  band.	  The	  band	  directly	  below	  is	  thought	  to	  be	  MBP	  degradation	  products.	  	  Finally,	  I	  tested	  whether	  the	  purified	  MBP-­‐PilZ	  could	  be	  cleaved	  by	  Factor	  Xa	  (Figure	  4.8).	  Cleavage	  was	  monitored	  over	  a	  24	  hour	  period,	  with	  samples	  being	  removed	  at	  regular	   intervals	   (2,	   4,	   8	   and	   24	   hours).	   Samples	   were	   analyzed	   by	   Commassie	  staining	   following	   SDS-­‐PAGE.	   This	   showed	   that	   after	   8	   hours	   proteolysis	   was	  complete,	   with	   free	   PilZ	   appearing	   more	   clearly	   over	   time.	   Therefore,	   MBP-­‐PilZ	  folding	  does	  not	  hinder	  access	  of	  Factor	  Xa	  to	  the	  cleavage	  site.	  Together	   with	   the	   solubility	   and	   purification	   results,	   this	   confirmed	   that	   the	  purification	  procedure	  could	  be	  scaled	  up	  to	  purify	  a	  large	  quantity	  of	  fusion	  protein	  that	  could	  then	  be	  subjected	  to	  a	  second	  purification	  in	  order	  to	  separate	  PilZ	  from	  MBP.	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Figure	  4.8	  Factor	  Xa	  Cleavage	  of	  MBP-­PilZ	  over	  time.	  	  Samples	  were	   incubated	   at	   4°C	  with	   0.5%	   Factor	   Xa	   (+)	   or	  without	   Factor	   Xa	   (-­‐)	  over	   a	   24	   hour	   period.	   The	   reaction	   was	   stopped	   at	   2,	   4,	   8	   and	   24	   hours	   by	  preparing	   samples	   for	   SDS-­‐PAGE.	   Samples	   were	   assessed	   by	   Coomassie	   staining.	  The	   fusion	   protein	   (~55	   KDa),	  MBP	   alone	   (~42	   KDa)	   and	   PilZ	   (~13	   KDa)	   are	   all	  indicated	  by	  arrows.	  Highlighted	  by	  the	  two	  asterisks	  are	  the	  two	  domains	  of	  Factor	  Xa.	  	  
4.3.3	  PilZ	  protein	  purification	  Following	   the	   completion	   of	   all	   the	   tests	   it	   was	   clear	   that	   the	   fusion	   protein	  was	  soluble,	  could	  be	  purified	  on	  an	  amylose	  column	  and	  cleaved	  by	  Factor	  Xa	  protease.	  We	  transformed	  the	  pYU34	  plasmid	  into	  E.	  coli	  BL21	  (DE3),	  an	  expression	  strain	  as	  we	  previously	  were	  expressing	  the	  protein	  from	  E.	  coli	  DH5α.	  The	  purification	  was	  scaled	  up	  so	  that	  a	  large	  amount	  of	  protein	  could	  be	  made	  available	  for	  the	  second	  purification	   to	   separate	   PilZ	   from	   the	   MBP	   tag	   (i.e.,	   by	   ion-­‐exchange	  chromatography).	  Two	  methods	  were	  compared	   in	  parallel,	  a	  gravity	   flow	  method	  over	   an	   amylose	   resin,	   and	   a	   Fast	   protein	   liquid	   chromatography	   (FPLC)	  method	  using	   an	   MBPTrap	   column.	   Both	   methods	   were	   efficient,	   and	   allowed	   the	  reproducible	   purification	   of	   ~20	   mg	   MBP-­‐PilZ	   per	   litre	   of	   culture	   with	   few	  contaminants	  (Figure	  4.9).	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Figure	  4.9	  Optimized	  FPLC	  affinity	  purification	  of	  MBP-­PilZ.	  	  The	   Coomassie	   stained	   SDS-­‐PAGE	   gel	   showed	   that	  MBP-­‐PilZ	  was	   eluted	   from	   the	  column	  in	  the	  2nd	  and	  3rd	  elution	  fractions.	  An	  increased	  yield	  of	  the	  fusion	  protein	  was	   obtained	   following	   a	   decrease	   in	   the	   number	   of	  washes.	   Two	   sets	   of	   soluble,	  insoluble	  and	  filtered	  soluble	  fractions	  can	  be	  seen	  as	  two	  different	  500	  ml	  cultures	  were	  used	  for	  the	  purification.	  	  The	   final	   step	   in	   this	  purification	  was	   to	   separate	   the	  PilZ	   from	   the	  MBP-­‐tag.	  This	  was	   attempted	   by	   ion-­‐exchange	   chromatography.	   As	   the	   theoretical	   iso-­‐electric	  point	   (pI)	   of	   PilZ	   with	   the	   ISEF	   motif	   added	   by	   the	   Factor	   Xa	   cleavage	   site	   was	  predicted	   to	   be	   6.1	   using	   the	   online	   EXPASY	   tool	  (http://expasy.org/tools/pi_tool.html),	   anion	   exchange	   was	   chosen.	   The	   pI	   of	   the	  MBP	  was	   similarly	   predicted	   to	   be	   4.9,	   indicating	   that	   during	   the	   purification	   the	  PilZ	  should	  elute	  from	  the	  column	  before	  the	  MBP.	  We	  chose	  to	  use	  a	  Tris-­‐Cl	  buffer	  with	  a	  pH	  of	  7.4	  for	  ion-­‐exchange	  (more	  than	  1	  pH	  unit	  higher	  than	  the	  calculated	  pI	  of	   the	   protein	   of	   interest).	   35	  mg	   of	  MBP-­‐PilZ	   (dialyzed	   previously	   into	   the	   start	  buffer	   for	   ion-­‐exchange),	   was	   proteolyzed	   using	   1%	   Factor	   Xa	   overnight	   at	   4°C,	  which	  led	  to	  complete	  cleavage.	  Ion-­‐exchange	  chromatography	  was	  attempted	  using	  DEAE	  sepharose	  FF	  column,	  a	  weak	  anion	  exchanger,	  using	  the	  FPLC	  (Figure	  4.10).	  This	   showed	   that	   PilZ	   did	  not	   bind	   the	   column	  and	  was	  washed	   straight	   through,	  whilst	  the	  MBP	  did	  bind	  and	  was	  not	  eluted	  until	  the	  NaCl	  gradient	  was	  increased.	  The	  recovery	  of	  PilZ	  was	  quite	  low	  with	  only	  6%	  of	  the	  total	  PilZ	  cleaved	  from	  the	  MBP-­‐PilZ	  fusion	  being	  purified.	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Figure	  4.10	  Ion-­Exchange	  chromatography	  to	  separate	  PilZ	  from	  MBP.	  	  The	  top	  panel	  shows	  the	  sample	  that	  loaded	  into	  the	  column,	  the	  flow	  through	  and	  7	  wash	   fractions.	   PilZ	   (~13KDa)	  was	   found	   in	   the	   flow	   through	   and	  wash	   fractions.	  The	  bottom	  panel	  shows	  the	  elution	  fractions	  at	  135-­‐225	  mM	  NaCl	  that	  correspond	  to	  a	  peak	  seen	  on	  the	  chromatogram	  during	  FPLC.	  Pure	  MBP	  can	  be	  seen	  in	  each	  of	  these	  fractions.	  	  Upon	   further	   investigation	   of	   the	   pI	   of	   the	   different	   proteins	   using	   different	  programmes	   higher	   values	   of	   6.4-­‐6.5	   were	   found	   for	   cleaved	   PilZ,	   which	   would	  make	  the	  pH	  of	  the	  buffer	  (7.4)	  used	  too	  low	  for	  binding	  of	  PilZ	  to	  the	  column.	  We	  therefore	  tested	  buffers	  of	  pH	  8	  (Tris-­‐Cl	  buffer)	  and	  pH	  9	  (Diethanolamine	  buffer)	  during	   the	   whole	   purification	   process	   as	   this	   could	   remove	   the	   need	   to	   change	  buffer	   pH	   by	   dialysis	   before	   ion-­‐exchange.	   Both	   buffers	   were	   used	   to	   purify	   the	  MBP-­‐PilZ	   fusion,	  and	  had	  similar	  yields	   to	   the	  original	  buffer	   (which	  was	  a	  Tris-­‐Cl	  pH	  7.4	  buffer)	  with	  around	  30	  mg	  of	  MBP-­‐PilZ	  recovered	  from	  a	  litre	  of	  culture	  by	  the	  gravity	  flow	  method	  (data	  not	  shown).	  Pooled	  elution	  fractions	  from	  each	  of	  the	  buffer	  conditions	  were	  then	  cleaved	  using	  Factor	  Xa	  before	  attempting	  ion-­‐exchange	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chromatography	   using	   the	  DEAE	   sepharose	  weak	   anion	   exchanger.	   As	   above,	   PilZ	  did	  not	  bind	  the	  column	  in	  any	  of	  the	  buffers	  and	  flowed	  straight	  through.	  However	  the	  recovery	  was	  higher	  than	  previously	  at	  nearer	  50%	  of	  the	  PilZ	  cleaved	  from	  the	  MBP-­‐PilZ	  fusion	  being	  purified.	  Although	  PilZ	  was	  not	  purified	  by	   ion-­‐exchange	  chromatography	   in	   the	   traditional	  manner,	  the	  desired	  result	  was	  achieved,	  i.e.	  PilZ	  could	  be	  efficiently	  separated	  from	  MBP.	  Therefore	  to	  prepare	  a	  large	  amount	  of	  PilZ	  suitable	  for	  crystallization	  trials,	  the	  MBP-­‐PilZ	  was	   purified	   using	   the	   Tris	   pH	  8	   buffer,	   using	   four	   separate	   gravity	  flow	  experiments.	  The	  most	  concentrated	  elution	  fractions	  were	  pooled	  to	  use	  100	  mg	  of	  the	  fusion	  protein	  for	  the	  second	  purification	  step.	  The	  protein	  was	  dialysed	  to	   remove	  maltose	   into	   the	   starting	   buffer	   for	   the	   ion-­‐exchange	   chromatography,	  before	   overnight	   cleavage	   by	   0.5%	   w/w	   Factor	   Xa	   (Figure	   4.11).	   The	   cleavage	  mixture	  was	  then	  passed	  over	  the	  DEAE	  sepharose	  ion	  exchange	  column.	  13	  mg	  of	  PilZ	  was	  recovered	  from	  the	  flow	  through	  and	  wash	  fractions	  in	  a	  total	  volume	  of	  30	  ml	  (Figure	  4.11).	  It	  was	  then	  concentrated	  to	  a	  concentration	  of	  2.5	  mg.ml-­‐1	  using	  an	  Amicon	   centrifugal	   concentrator	   (Figure	   4.11).	   Further	   concentration	   was	   not	  possible	  however	  as	  the	  protein	  began	  to	  precipitate	  at	  this	  concentration.	  The	   protein	   was	   then	   sent	   to	   our	   collaborator	   Katrina	   Forest	   (University	   of	  Wisconsin	  Madison)	  for	  crystallization	  studies.	  However,	  a	  few	  months	  later	  the	  3D	  structure	  of	  PilZ	  from	  Xanthomonas	  campestris	  was	  published	  (Li	  et	  al.,	  2009)	  which	  led	  us	  to	  abandon	  this	  project…	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Figure	   4.11	   Final	   purification	   of	   PilZ	   by	   ion-­exchange	   chromatography	   for	  
crystallization	  trials.	  	  Analysis	  of	   the	   final	  PilZ	  purification	   steps	  by	  Coomassie	   staining	  after	  SDS-­‐PAGE.	  
(A)	   Pooled	   Factor	   Xa-­‐cleaved	   MBP-­‐PilZ	   was	   subjected	   to	   ion-­‐exchange	  chromatography	  using	  a	  DEAE	  sepharose	  FF	  column	  on	  an	  FPLC	  using	  Tris-­‐pH	  8.0	  based	  buffer.	  PilZ	  (13	  KDa)	  can	  be	  seen	  in	  the	  flow	  through,	  and	  the	  first	  10	  wash	  fractions.	   (B)	   The	   flow	   through	   and	   first	   6	   wash	   fractions	   were	   pooled	   for	  concentration	  using	   an	  Amicon	   centrifugal	   concentrator.	   Concentrated	  PilZ	   can	  be	  seen	  in	  the	  first	  two	  fractions,	  none	  passed	  through	  the	  3.5	  KDa	  filter	  as	  none	  is	  seen	  in	   the	   flow	   through	   lane.	  The	  precipitate	   forming	  upon	   further	   concentration	  was	  resuspended	   after	   centrifugation	  was	   found	   to	   be	   PilZ	   as	   can	   be	   seen	   in	   the	   final	  lane.	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Chapter	  5:	  An	  improved	  method	  for	  purifying	  Tfp	  fibres	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5.1	  Introduction	  An	  unresolved	  and	  key	  question	  in	  the	  field	  of	  Tfp	  biology	  is:	  what	  is	  the	  pilus	  fibre	  actually	   exactly	   composed	   of?	   It	   is	   common	   knowledge	   that	   the	   fibre	   is	   mainly	  composed	   of	   the	  major	   pilin,	   PilE,	   and	   that	   other	   components,	   such	   as	   the	  minor	  pilin	   PilX	   have	   been	   shown	   to	   be	   present	   in	   the	   fibre	   by	   immuno-­‐gold	   labelling	  (Hélaine	   et	   al.,	   2007).	   However,	   pilus	   preparations	   such	   as	   the	   method	   used	   in	  chapter	   3,	   using	   ammonium-­‐sulphate	   precipitation,	   are	   not	   selective	   enough	   and	  can	   result	   in	   the	   curious	   association	   of	   some	   proteins	  with	   the	   fibre,	   such	   as	   the	  secretin	  PilQ	  that	  is	  not	  actually	  part	  of	  the	  fibre	  (Wolfgang	  et	  al.,	  1998a).	  It	  would	  be	  useful	  to	  be	  able	  to	  purify	  the	  fibres	  using	  a	  method	  that	  removes	  contaminants,	  such	   as	   the	   membrane	   and	   membrane	   proteins	   pulled	   out	   from	   the	   membrane	  during	   the	   shearing	   step	   common	   to	   all	   the	  pilus	   purification	  methods.	   The	  novel	  Immuno-­‐purification	  method	   I	   designed	   in	   Chapter	   3	   although	   yielding	   very	   pure	  pilus	  preparations	  cannot	  be	  scaled	  up	  to	  produce	  the	  large	  amounts	  of	  pilus	  fibres	  that	   are	   needed	   to	   precisely	   assess	   their	   composition	   mainly	   because	   the	   20D9	  antibody	   is	  a	   limited	  and	  precious	   resource.	  Therefore	   to	   try	   to	  answer	   the	  above	  question	   a	   novel	   method	   of	   purification	   was	   needed.	   We	   decided	   to	   create	   a	   N.	  
meningitidis	  strain	  in	  which	  the	  pilin,	  PilE,	  would	  be	  His-­‐tagged	  in	  order	  to	  affinity	  purify	  the	  fibers	  using	  a	  nickel	  resin.	  	  
5.2	  N.	  meningitidis	  strain	  expressing	  an	  inducible	  pilE6xHis	  allele	  
	  
5.2.1	  Testing	  PilE6xHisind	  expression	  Previously	   in	   the	   group	   a	   N.	   meningitidis	   strain	   expressing	   a	   PilE6xHis	   was	  constructed	  using	  the	  pGCC4	  vector	  strategy	  already	  outlined.	  In	  brief,	  a	  pilE	  gene	  in	  which	   the	   last	   6	   amino	   acids	   were	   replaced	   by	   6	   Histidines,	   was	   amplified	   using	  suitable	  primers,	   cloned	   into	  pCRTOPO2.1	   (Invitrogen),	   sequenced	  and	  sub-­‐cloned	  
	   	  
	   	  157	  
into	  pGCC4.	  The	  resulting	  plasmid	  pYU10	  was	  transformed	  into	  the	  WT	  strain	  that	  was	  subsequently	  transformed	  with	  the	  chromosmal	  DNA	  of	  a	  pilE	  mutant	   leading	  to	  the	  pilE/pilE6xHisind	  strain.	  I	  tested	  the	  expression	  of	  the	  tagged	  protein	  upon	  induction	  by	  IPTG	  and	  compared	  it	  to	  the	  amount	  of	  PilE	  produced	  by	  the	  WT	  strain.	  Protein	  extracts	  were	  prepared	  from	   WT	   and	   pilE/pilE6xHisind	   that	   was	   grown	   on	   plates	   containing	   increasing	  amounts	  of	  IPTG	  (a	  gradient	  from	  0-­‐250	  µM	  IPTG).	  Samples	  separated	  by	  SDS-­‐PAGE	  were	  tested	  by	  Western	  blotting	  using	  both	  a	  polyclonal	  anti-­‐PilE	  antibody	  and	  the	  monoclonal	  anti-­‐His-­‐HRP	  conjugate	  antibody	  (Figure	  5.1).	  	  
	  
Figure	  5.1	  Assessment	  of	  the	  expression	  of	  PilE6xHis	  by	  Western	  blotting.	  	  Whole-­‐cell	   lysates	  were	  prepared	   from	  plates	  containing	  an	   IPTG	  concentration	  of	  0-­‐250	   µM.	   The	   WT	   is	   present	   as	   a	   control.	   The	   top	   panel	   was	   probed	   with	   a	  polyclonal	  rabbit	  antibody	  raised	  against	  PilE	  and	  subsequently	  an	  anti-­‐Rabbit-­‐HRP	  conjugate	   secondary	   antibody.	   The	   bottom	   panel	   was	   probed	   with	   a	   monoclonal	  anti-­‐His-­‐HRP	  conjugate	  antibody.	  	  	  This	   shows	   that	  upon	   IPTG	   induction,	   increasing	  concentration	  of	  a	  protein	  of	   the	  expected	   size	   (~17	   KDa)	   is	   produced	   and	   can	   be	   detected	   using	   both	   antibodies.	  PilE6xHis	  expression	  seems	  to	  plateau	  between	  the	  100	  and	  250	  µM	  IPTG.	  However,	  the	   level	  of	  PilE6xHis	   is	  not	   as	  high	  as	   seen	   in	   the	  WT	  control,	   indicating	   that	   the	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IPTG	   inducible	   promoter	   is	   not	   as	   strong	   as	   the	   pilE	   natural	   promoter,	   which	   is	  thought	  to	  be	  one	  of	  the	  strongest	  promoters	  in	  Neisseria.	  
	  
5.2.2	  Exhaustive	  phenotypic	  analysis	  of	  the	  pilE/pilE6xHisind	  strain	  It	  was	  important	  to	  confirm	  that	  the	  tagged	  protein	  could	  be	  assembled	  into	  Tfp,	  as	  previous	  efforts	  with	  a	  similar	  (but	  not	  exactly	  the	  same)	  construct	  had	  shown	  that	  this	  could	  be	  troublesome	  (Dieckelmann	  et	  al.,	  2003).	  As	  before,	  piliation	  was	  tested	  by	  IF	  microscopy	  (Figure	  5.2),	  	  Without	   IPTG,	   no	   pili	   could	   be	   seen	   in	   the	   pilE/pilE6xHisind	   strain,	   whilst	   in	   the	  presence	   of	   500	   µM	   IPTG	   short	   pili	   were	   detected	   confirming	   that	   the	   PilE6xHis	  protein	  can	  be	  assembled	  into	  pilus	  fibres.	  However,	  it	  was	  apparent	  that	  there	  were	  much	  less	  fibres	  produced	  in	  the	  strain	  containing	  the	  inducible	  pilE6xHis	  allele	  than	  in	   the	  WT	   control	   (Figure	   5.2).	   This	   is	   compatible	   with	   the	   fact	   that	   these	   fibres	  were	  very	  poorly	  purified	  using	  the	  classical	  pilus	  preparation	  procedure	  (data	  not	  shown)	  and	  with	   the	  quantitative	   results	  obtained	  by	  whole-­‐cell	  ELISA	  suggesting	  that	  the	  piliation	  in	  the	  pilE/pilE6xHisind	  strain	  was	  barely	  detectable.	  
	   	  




Figure	  5.2	  Assessing	  piliation	  of	  N.	  meningitidis	   strains	  expressing	  PilE6xHis	  
by	  IF	  microscopy.	  	  Tfp	  (in	  green)	  were	  detected	  using	  firstly	  the	  monoclonal	  20D9	  antibody,	  which	   is	  specific	  for	  the	  8013	  strain	  Tfp	  fibres,	  and	  then	  a	  goat	  anti-­‐mouse	  antibody	  fused	  to	  Alexafluor	  488.	  Meningococci	  were	  stained	  with	  ethidium	  bromide	  and	  are	  seen	  as	  red	   dots.	   For	   the	  pilE/pilE6xHisind	   +IPTG	   sample	   the	   bacteria	  were	   grown	   on	  GCB	  plates	   containing	   500	   µM	   IPTG.	   The	  WT	   and	   non-­‐piliated	   pilE	   mutant	   strains	   are	  present	  as	  positive	  and	  negative	  controls	  respectively.	  Scale	  bars	  represent	  10	  µm.	  	  Despite	   the	   low	   levels	   of	   piliation,	   pili	   could	   be	   purified	   by	   immuno-­‐purification	  from	   shear	   fractions	   using	   both	   the	   anti-­‐20D9	   and	   anti-­‐His-­‐HRP	   monoclonal	  antibodies	  (Figure	  5.3.A),	  which	  concurs	  with	  the	  IF	  microscopy	  data.	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Figure	  5.3	  Immuno-­purification	  of	  His-­tagged	  pilus	  fibres.	  	  Western	   blotting	   analysis	   of	   the	   PilE6xHis	   pilus	   fibres	   immuno-­‐purified	   using	   the	  20D9	   (top)	   or	   anti-­‐His-­‐HRP	   conjugate	   (bottom).	   Blots	   were	   probed	   firstly	   with	   a	  polyclonal	  anti-­‐PilE	  and	  subsequently	  with	  an	  anti-­‐Rabbit-­‐HRP	  conjugate	  secondary	  antibody.	   (A)	   Immuno-­‐purification	  of	  pili	   produced	  by	  pilE/pilE6xHisind	   strain.	   (B)	  Immuno-­‐purification	   of	   pili	   produced	   by	   pilE6xHisGS	   strain.	   WT	   strain	   and	   pilE	  mutant	  were	  used	  as	  positive	  and	  negative	  controls	  respectively.	  	  The	  next	  step	  was	  to	  determine	  whether	  the	  Tfp	  produced	  by	  the	  pilE/pilE6xHisind	  strain	  were	  functional.	  We	  therefore	  used	  the	  same	  phenotypic	  tests	  that	  were	  used	  previously.	  The	  results	  showed	  that	  even	  in	  the	  presence	  of	  500	  µM	  IPTG,	  this	  strain	  failed	   to	   produce	   bacterial	   aggregates	   (Figure	   5.4)	   and	   did	   not	   adhere	   to	   HUVEC	  better	  than	  the	  non-­‐piliated	  pilD	  mutant	  (Figure	  5.5).	  As	  no	  aggregates	  were	  formed	  twitching	  motility	  could	  not	  be	  tested	  with	  our	  test.	  That	   fibers	   produced	   by	   the	  pilE/pilE6xHisind	  were	   at	   least	   partly	   functional	   came	  from	   competence	   assays	   (Figure	   5.6).	   In	   this	   assay,	   although	   the	   pilE/pilE6xHisind	  strain	  was	  13.5	  fold	  less	  competent	  than	  the	  WT	  (P	  =	  1.54	  x	  10-­‐7)	  it	  was	  nevertheless	  30	  fold	  more	  competent	  than	  the	  non-­‐piliated	  pilE	  control	  (P=	  1.41	  x	  10-­‐4).	  	  
	   	  










Figure	  5.4	  Assessment	  of	  aggregative	  abilities	  of	  strains	  producing	  PilE6xHis.	  Images	  were	  of	  bacteria	  that	  have	  sedimented	  to	  the	  bottom	  of	  the	  wells	  in	  a	  24	  well	  plate	   following	   2	   hours	   of	   incubation.	   The	   pilE/pilE6Hisind	   was	   grown	   in	   the	  presence	  of	  500	  µM	  IPTG.	  The	  WT	  and	  non-­‐piliated	  pilE	  mutant	  are	  used	  as	  positive	  and	  negative	  controls,	  respectively.	  Scale	  bars	  represent	  10	  µm.	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Figure	  5.5	  Adhesion	  to	  HUVEC	  of	  strains	  producing	  PilE6xHis.	  	  Adhesion	  to	  HUVEC	  was	  assessed	  using	  the	  standardized	  assay	  in	  which	  infection	  is	  carried	   out	   for	   4.5	   hours.	   The	   assay	   was	   completed	   under	   induction	   conditions	  (500µM	  IPTG)	  for	  the	  pilE/pilE6Hisind	  strain.	  Results	  are	  expressed	  as	  the	  number	  of	  CFU.ml-­‐1	   recovered	   (standardized	   to	   an	   inoculum	  of	  107	   cells),	   and	  are	   the	  means	  from	  3-­‐4	  independent	  experiments	  (±	  standard	  deviation).	  The	  WT	  and	  non-­‐piliated	  
pilE	  mutant	  were	  used	  as	  positive	  and	  negative	  controls.	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Figure	   5.6	   Quantification	   of	   competence	   for	   DNA	   transformation	   in	   strains	  
producing	  PilE6xHis.	  	  Competence	   for	   DNA	   transformation	   was	   assessed	   using	   the	   standardized	   assay.	  Similar	  numbers	  of	  meningococci	  were	  transformed	  with	  1	  µg	  of	  chromosomal	  DNA	  recovered	   from	   a	   rifampicin	   resistant	   mutant.	   The	   assay	   was	   completed	   under	  induction	   conditions	   (500µM	   IPTG)	   for	   the	  pilE/pilE6Hisind	   strain.	   The	   results	   are	  expressed	  as	  the	  percentage	  of	  transformants	  compared	  to	  recipient	  (transformed)	  cells	  and	  are	  the	  means	  of	  4-­‐6	  independent	  experiments	  (±	  standard	  deviation).	  WT	  strain	  and	  non-­‐piliated	  pilE	  mutant	  were	  used	  as	  positive	  and	  negative	  controls.	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5.3	  N.	  meningitidis	  strain	  expressing	  a	  constitutive	  pilE6xHis	  allele	  	  
5.3.1	  Constructing	  pilE6xHisGS	  strain	  As	   the	   pilE/pilE6Hisind	   strain	   produce	   very	   low	   levels	   of	   pili,	   and	   its	   fibers	   were	  almost	   completely	   non-­‐functional,	   a	   new	   construct	   was	   needed.	   Since	   the	   main	  problem	  with	  this	  strain	  seemed	  to	  be	  the	  lower	  expression	  of	  PilE	  (see	  Figure	  5.1),	  we	  decided	  to	  generated	  a	  strain	  in	  which	  the	  His	  tagged	  pilE	  allele	  would	  be	  under	  the	  transcriptional	  control	  of	  the	  native	  pilE	  gene	  promoter.	  In	  other	  words	  replace	  the	   endogenous	  pilE	   by	  pilE6His.	   To	   achieve	   this	   I	   used	   a	   splicing	   PCR	  method	   as	  outlined	  on	  Figure	  5.7.	  	  
	  
Figure	  5.7	  Schematic	  of	  construction	  of	  the	  pilE6xHisGS	  strain	  by	  gene	  splicing	  
PCR.	  	  The	  black	  arrow	  shows	  the	  native	  pilE	  gene,	  the	  bent	  arrows	  (↵)	  show	  position	  and	  direction	  of	  the	  primers	  used	  for	  the	  successive	  PCR	  reactions.	  	  	  This	  was	  done	   in	   several	   steps.	   In	   the	   first	   step,	   two	  PCR	   fragments	  are	  produced	  using	  pilE	  Forward	  (M3)/pilE6His	  B	  and	  pilE6His	  C/pilE6His	  D	  pairs	  of	  primers.	  The	  
pilE6His	   B	   and	   pilE6His	   C	   primers,	   which	   are	   complementary,	   were	   designed	   to	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replace	  the	  final	  6	  amino	  acids	  of	  PilE	  with	  6	  Histidine	  residues	  and	  to	  introduce	  a	  
PacI	   restriction	  right	  after	   the	  gene	   to	  allow	  the	   insertion	  of	  a	  kanamycin	  cassette	  for	   selection	   in	  N.	  meningitidis.	   These	   two	   fragments	   were	   purified,	   mixed	   at	   the	  same	  concentrations	  before	  a	  final	  PCR	  was	  performed	  using	  the	  two	  outer	  primers,	  
pilE	  Forwards	  (M3)	  and	  pilE6His	  D.	  As	  the	  internal	  primers	  are	  complementary	  this	  allows	   the	   polymerase	   to	   fuse/splice	   both	   fragments	   together.	   The	   full-­‐size	  fragment	   was	   then	   cloned	   directly	   into	   pCR®8⁄GW⁄TOPO®	   and	   sequenced.	   A	  plasmid	  with	  correct	  sequence	  was	  then	  selected,	  digested	  with	  PacI	  before	  ligation	  of	  a	  kanamycin	  cassette	  that	  has	  PacI	  sites	  at	  both	  ends.	  The	  linearized	  plasmid	  DNA	  was	  then	  used	  to	  transform	  N.	  meningitidis	  and	  transformants	  in	  which	  the	  WT	  pilE	  allele	   was	   replaced	   by	   homologous	   recombination	   were	   selected	   on	   plates	  containing	  Kanamycin	  as	  assessed	  by	  PCR.	  This	  strain	  was	  named	  pilE6xHisGS.	  	  
5.3.2	  Testing	  PilE6xHisGs	  expression	  and	  piliation	  I	  first	  tested	  expression	  of	  the	  PilE6xHis	  protein	  produced	  by	  the	  pilE6xHisGS	  strain	  and	   compared	   it	   to	   the	   amount	   of	   PilE	   produced	   by	   the	   WT	   strain	   (Figure	   5.8).	  Western	   blots	   performed	   on	   whole	   cell	   lysates	   containing	   equivalent	   amounts	   of	  total	  proteins	  shows	  that	  PilE6xHis	  is	  expressed	  at	  high	  levels,	  although	  there	  might	  be	   a	   slight	   decrease	   when	   compared	   to	   the	   PilE	   produced	   by	   the	   WT	   strain.	  Production	  was	   however	  much	   stronger	   than	  with	   the	  pilE/pilE6Hisind	   strain	   (see	  Figure	  5.1),	  which	  was	  encouraging.	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Figure	  5.8	  Assessment	  by	  Western	  blotting	  of	   the	  expression	  of	  PilE6xHis	  by	  
the	  pilE6xHisGS	  strain.	  	  Each	  lane	  contains	  the	  same	  amount	  of	  whole-­‐cell	  lysate,	  either	  500	  ng	  (top)	  or	  5	  µg	  (bottom).	  The	  top	  panel	  was	  firstly	  probed	  with	  a	  polyclonal	  rabbit	  antibody	  raised	  against	   PilE	   and	   subsequently	   with	   a	   secondary	   anti-­‐Rabbit-­‐HRP	   conjugate	  antibody.	  The	  bottom	  panel	  was	  probed	  with	  a	  monoclonal	  anti-­‐His-­‐HRP	  conjugate	  antibody.	  The	  WT	  and	  pilE	  mutant	  samples	  are	  present	  as	  controls.	  	  Next	  using	  Immuno-­‐fluorescence	  microscopy,	  I	  could	  determine	  that	  this	  strain	  was	  much	   more	   piliated	   than	   the	   pilE/pilE6Hisind	   strain	   (Figure	   5.2).	   In	   addition,	   its	  fibers	  could	  be	  purified	  by	  both	  the	  classical	  pilus	  preparation,	  although	  to	  a	  lower	  level	   than	   the	  WT	   (Figure	   5.9),	   and	   by	   immuno-­‐purification	   (Figure	   5.3.B).	  When	  piliation	  of	  the	  pilE6xHisGS	  strain	  was	  quantified	  by	  whole-­‐cell	  ELISA,	  I	  saw	  a	  ~5-­‐fold	  decrease	  compared	  to	  WT	  levels.	  This	  does	  not	  completely	  agree	  with	  either	  the	  IF	  or	  classical	  pilus	  preparations	  and	  may	  be	  explained	  by	  an	  impaired	  interaction	  of	  the	  20D9	  antibody	  with	  the	  pilE6xHisGS	  strain	  fibres	  due	  to	  the	  addition	  of	  the	  6x	  His	  tag.	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Figure	  5.9	  “Classical”	  pilus	  preparation	  of	  pilE6xHisGS	  fibres	  Classical	   pilus	   preparation	   using	   ammonium	   sulphate	   precipitation	   of	   pili	   from	  shear	   fractions.	   All	   preparations	   were	   prepared	   from	   bacterial	   suspensions	  containing	   similar	   amounts	   of	   bacteria	   (confirmed	   by	   CFU	   counts).	  WT	   and	   non-­‐piliated	   pilE	   mutant	   control	   are	   present	   as	   positive	   and	   negative	   controls	  respectively.	  	  
5.3.3	  Exhaustive	  phenotypic	  analysis	  of	  the	  pilE6xHisGS	  strain	  As	  the	  PilE6xHisGS	  strain	  seems	  to	  produce	  a	  fairly	  high	  level	  of	  pili	  compared	  to	  the	  
pilE/pilE6Hisind	   strain,	   the	   next	   thing	   to	   do	   was	   to	   test	   the	   functionality	   of	   these	  fibres.	  To	  do	  this	  I	  completed	  a	  phenotypic	  analysis	  as	  above.	  Firstly,	  the	  PilE6xHisGS	  strain	  makes	  aggregates,	  as	  can	  be	  seen	  in	  Figure	  5.4.	  These	  aggregates	   do	   seem	   a	   little	   “flatter”	   than	   the	   domed	   round	   aggregates	   of	   the	  WT,	  however	  they	  are	  not	  irregular,	  as	  was	  seen	  in	  the	  pilT	  mutant	  previously	  (Chapter	  3).	   As	   this	   strain	   forms	   aggregates,	   we	   assessed	   its	   ability	   to	   undergo	   twitching	  motility	   using	   the	   set-­‐up	   described	   in	   Chapter	   3.	   This	   showed	   that	   PilE6xHisGS	  twitches	  much	  like	  the	  WT,	  an	  indication	  that	  pilus	  retraction	  is	  not	  hampered.	  Next,	  consistent	   with	   its	   ability	   to	   forms	   aggregates	   this	   strain	   also	   adheres	   to	   HUVEC	  much	   better	   than	   a	   non-­‐piliated	   strain	   the	   pilE/pilE6Hisind	   strain	   (Figure	   5.5).	  However,	  the	  adhesion	  is	  not	  at	  WT	  levels,	  it	  is	  actually	  8.1-­‐fold	  lower	  	  (P	   =	   6.17	   x	  10-­‐5).	   This	  may	  well	   be	   due	   to	   the	   slight	   decrease	   in	   piliation	   or	   the	   formation	   of	  flatter	  aggregates.	  Competence	  for	  DNA	  transformation	  was	  almost	  to	  WT	  levels	  (as	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seen	  in	  Figure	  5.6)	  with	  only	  a	  2.5-­‐fold	  decrease	  (P	  =	  0.0025).	  The	  PilE6xHisGS	  strain	  is	  thus	  5.5-­‐fold	  more	  competent	  than	  the	  pilE/pilE6Hisind	  strain.	  Taken	  together,	   these	  results	  show	  that	   the	  PilE6xHisGS	  strain	   is	  well	  piliated	  as	   it	  produces	  numerous	  and	  functional	  pili.	  We	  therefore	  used	  this	  strain	  to	  design	  the	  affinity	  purification	  method	  to	  purify	  its	  fibers.	  	  
5.4	  Affinity	  purification	  of	  PilE6xHis	  fibres	  Firstly,	   I	   assessed	  on	  a	   low-­‐scale	  whether	   the	   fibres	  produced	  by	   this	   strain	  could	  bind	   a	   nickel-­‐agarose	   resin	   and	  may	   be	   eluted	  with	   imidazole.	   The	   binding	   assay	  was	   completed	   by	   preparing	   shear	   fractions	   essentially	   as	   before	   except	   that	   the	  bacteria	  were	  resuspended	  directly	  in	  the	  purification	  (1ml	  per	  plate)	  Buffer	  A	  (30	  mM	  Tris-­‐Cl,	   400	  mM	  NaCl,	   pH	  8).	   This	   shear	   fraction	  was	   then	  passed	   twice	   over	  hand-­‐made	  nickel-­‐agarose	  column,	  before	  extensive	  washing	  (10	  ml	  or	  40	  CV)	  with	  Buffer	  A.	  Bound	  proteins	  were	  then	  eluted	  in	  1	  ml	  fractions	  of	  Buffer	  B	  (Buffer	  A	  +	  1M	  imidazole).	  Samples	  were	   first	   analyzed	   by	  Western	   blotting	   using	   the	   anti-­‐His-­‐HRP	   antibody	  (Figure	  5.10.A).	  This	  clearly	  showed	  that	  the	  fibres	  bind	  the	  resin	  and	  may	  be	  eluted	  with	   imidazole.	  Some	  of	   the	   fibers	   flowed	   through	   the	  resin,	  which	  may	  be	  due	   to	  the	   small	   bed	   size	   of	   the	   hand-­‐made	   column	   (250	   µl).	   These	   samples	   were	   also	  assessed	   by	   immuno-­‐fluorescence	   microscopy	   using	   the	   20D9	   antibody,	   and	   we	  could	   confirm	   that	   pili	   could	   be	   seen	   in	   the	   shear,	   flow-­‐through	   and	   elution	  fractions.	  These	  data	  are	  not	  shown	  because	  it	  was	  not	  possible	  to	  produce	  images	  of	  sufficient	  quality.	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Figure	  5.10	  Nickel	  resin	  binding	  assay	  for	  PilE6xHis	  fibres.	  	  
(A)	   Initial	   binding	   assay.	   The	   binding	   and	   elution	   of	   PilE6xHis	   fibres	   to	   Ni-­‐NTA	  agarose	   was	   assessed	   by	  Western	   blotting	   analysis	   using	   anti-­‐His-­‐HRP	   conjugate	  antibody.	  (B)	  Binding	  assay	  of	  PilE6xHis	  fibres	  following	  pelleting	  of	  pili	  in	  the	  shear	  fraction	  by	  ultracentrifugation.	  Supernatant	  and	  pellet	  fractions	  are	  those	  prepared	  from	   the	   ultracentrifugation	   step.	   A	   polyclonal	   anti-­‐PilE	   antibody	   was	   used	   for	  Western	  blotting.	  	  	  Once	  it	  was	  determined	  that	  the	  pili	  could	  be	  purified	  using	  the	  affinity	  purification	  we	   proceeded	   stepwise	   to	   improve	   the	   yield	   and	   also	   to	   improve	   purity.	   I	   first	  attempted	   to	   perform	   the	   purification	   using	   an	   FPLC	  with	   a	   HisTrap	   column	   (GE	  Healthcare).	   This	  method	  was	   unsuccessful,	   no	   His-­‐tagged	   PilE	   subunits	   could	   be	  detected	   by	   Coomassie	   staining	   or	   by	   Western	   blotting	   in	   the	   wash	   or	   elution	  fractions.	  I	  therefore	  decided	  to	  return	  to	  a	  hand-­‐made	  drip	  column.	  Since	   in	   some	   older	   methods	   (Muir	   et	   al.,	   1988,	   Vignon	   et	   al.,	   2003),	   pili	   were	  concentrated	   through	   an	   ultracentrifugation	   step	   that	   also	   eliminates	   soluble	  contaminants,	   I	   tested	   the	   possibility	   of	   adding	   an	   ultracentrifugation	   step	   in	   the	  above	  protocol.	  Shear	  fractions	  were	  thus	  centrifuged	  at	  125,000	  xg	  for	  1	  hour.	  The	  pellet	  was	  resupended	  in	  Buffer	  A	  and	  the	  purification	  was	  done	  as	  above.	  Analysis	  of	   the	   samples	   by	   Western	   blotting	   using	   an	   anti-­‐PilE	   antibody	   (Figure	   5.10.B)	  showed	   that	   no	   pili	  were	   lost	   during	   the	   ultracentrifugation	   step	   and	   that	   all	   the	  fibres	  bind	  the	  resin	  and	  may	  be	  eluted	  with	  imidazole.	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The	   next	   steps	   taken	  were	   to	   try	   to	   fine-­‐tune	   the	   purification	   procedure.	   I	   tested	  different	  A	  and	  B	  buffers.	  I	  first	  slightly	  modified	  Buffer	  A	  (30	  mM	  Tris-­‐Cl,	  250	  mM	  NaCl,	  pH	  8)	  and	  analyzed	  the	  different	  fractions	  (shear,	  supernatant	  and	  pellet	  from	  ultracentrifugation,	  wash	  and	  elution	   fractions),	  by	  silver	  staining	  after	  SDS-­‐PAGE.	  This	   is	   a	   more	   sensitive	   staining	   technique	   that	   can	   reveal	   bands	   not	   seen	   by	  Commassie	   staining.	   As	   can	   be	   seen	   on	   Figure	   5.11,	   the	   numerous	   contaminants	  were	   very	   efficiently	   washed	   away	   during	   the	   5	   washes.	   The	   eluted	   fibers	   were	  fairly	   pure	  with	   a	  major	   band	   (~17	  KDa)	   corresponding	   to	   PilE6xHis	   and	   several	  other	  bands	  of	  molecular	  weight	  around	  10	  kDa	  and	  higher	  than	  30	  Kda,	  which	  may	  or	  may	  not	  be	  contaminants.	  
	  
Figure	  5.11	  Purification	  of	  PilE6xHis	  fibres	  as	  assessed	  by	  silver	  staining.	  	  PilE6xHis	  can	  be	  seen	  at	  around	  17	  Kda	  in	  all	  three	  elution	  fractions.	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To	   further	  develop	   the	  method	   I	   then	   tested	  different	  detergents	   in	  an	  attempt	   to	  unbundle	  the	  fibres	  (Muir	  et	  al.,	  1988)	  to	  remove	  unwanted	  contaminants	  that	  may	  be	   caught	   up	   in	   the	  purified	  pilus	   fibres	   such	   as	   outer	  membrane	  proteins.	   Three	  detergents	  were	  tested	  at	  different	  concentrations,	  Triton	  X-­‐100	  (0.5%),	  Tween	  20	  (1%)	  and	  Deoxycholate	  (0.5%).	  Detergents	  were	  either	  added	  directly	  in	  the	  buffer	  used	  for	  resuspending	  the	  pellet	  following	  ultracentrifugation	  or	  in	  the	  wash	  buffer.	  As	   above	   I	   analyzed	   the	   different	   fractions	   (shear,	   supernatant	   and	   pellet	   from	  ultracentrifugation,	   wash	   and	   elution	   fractions)	   by	   silver	   staining	   following	   SDS-­‐PAGE	   (Figure	   5.12).	   This	   showed	   that	   resuspending	   the	   pilus	   pellet	   in	   a	   buffer	  containing	  detergent	  hampered	  the	  purification	  with	  regard	  to	  purity	  (Triton	  X-­‐100,	  Tween	   20	   and	   Deoxycholate)	   or	   yield	   (Deoxycholate).	   The	   best	   results	   were	  obtained	  when	   the	  detergent	  was	  present	   only	   in	   the	  washing	  buffer.	   It	   appeared	  the	  best	  balance	  of	  yield	  and	  purity	  was	  when	  0.5%	  Triton	  X-­‐100	  was	  added	  in	  the	  wash	  buffer.	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Figure	   5.12	   Effect	   of	   the	   presence	   of	   detergents	   on	   the	   purification	   of	  
PilE6xHis	  fibres	  as	  assessed	  by	  silver	  staining.	  	  
(A)	   0.5%	  Triton	   X-­‐100.	   (B)	   0.5%	  Deoxycholate.	   (C)	   1%	  Tween	   20.	   The	   detergent	  was	  present	  in	  the	  wash	  buffer	  only	  (left	  panels)	  or	  throughout	  the	  procedure	  (right	  panels).	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  Finally,	  this	  method	  (with	  0.5%	  Triton	  X-­‐100	  in	  the	  wash	  buffer)	  was	  applied	  to	  the	  non-­‐piliated	  pilD	  mutant	  to	  determine	  whether	  the	  other	  proteins	  that	  were	  present	  in	   the	  elution	   fractions	  were	  only	   contaminants	   that	  had	  a	   specific	   affinity	   for	   the	  resin	   or	   proteins	   that	   are	   more	   closely	   associated	   with	   pili.	   The	   analysis	   of	   the	  different	  fractions	  can	  be	  seen	  below	  (Figure	  5.13).	  This	  showed	  that	  the	  bands	  seen	  at	   around	   37	   and	   50	   KDa	   were	   only	   present	   in	   the	   piliated	   strains	   purification,	  suggesting	  that	  the	  purification	  procedure	  is	  very	  efficient.	  	  
	  
Figure	  5.13	  Testing	  the	  efficiency	  of	  the	  new	  purification	  method	  using	  a	  non-­
piliated	  mutant	  as	  a	  negative	  control.	  	  Silver	  staining	  analysis	  of	  the	  elution	  fractions	  obtained	  with	  the	  PilE6xHisGS	  strain	  and	  a	  non-­‐piliated	  pilD	  mutant.	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Chapter	  6:	  Discussion,	  Conclusions	  and	  Perspectives	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6.1	   Characterization	   of	   accessory	   Tfp	   proteins	   playing	   important	  
roles	  in	  Tfp	  biology	  As	   I	   have	   extensively	   discussed	   previously,	   Tfp	   biology	   is	   a	   complex	   system	  requiring	  the	  co-­‐ordinated	  actions	  of	  a	  very	  large	  set	  of	  both	  conserved	  and	  specific	  proteins	   to	   produce	   functional	   fibres	   (Pelicic,	   2008).	   A	   global	   view	   of	   how	   this	  exactly	  occurs	  is	  yet	  to	  be	  uncovered	  because	  the	  role	  of	  most	  of	  the	  proteins	  is	  not	  well	   defined.	   In	   addition	   to	   the	   fact	   that	   many	   of	   these	   proteins	   have	   been	   only	  partially	   studied,	   an	  unexpected	   stumbling	  block	   is	   that	   sometimes	  different	   roles	  have	   been	   attributed	   to	   very	   conserved	   proteins	   in	   the	   various	   systems	   in	  which	  they	   have	   been	   characterized.	   Although	   this	   suggests	   that	   a	   unified	   view	   of	   Tfp	  biology	   might	   be	   difficult	   to	   attain,	   it	   shows	   that	   systematic	   studies	   in	   Tfp-­‐expressing	   model	   organisms	   are	   needed	   to	   improve	   our	   understanding	   of	   these	  fascinating	  organelles.	  Recently	  our	  group	  embarked	  upon	  one	  such	  study	  using	  N.	  meningitidis	  8013	  as	  a	  model	   organism	   and	   completed	   a	   systematic	   characterization	   of	   the	   Tfp	   proteins	  involved	  in	  Tfp	  biogenesis	  (Carbonnelle	  et	  al.,	  2006,	  Carbonnelle	  et	  al.,	  2005).	  This	  resulted	  in	  a	  better	  understanding	  of	  Tfp	  biogenesis	  by	  showing	  that	  the	  16	  proteins	  that	  are	  necessary	  for	  piliation	  play	  different	  roles.	  This	  led	  to	  the	  proposal	  of	  a	  four-­‐step	   model	   which	   includes:	   i)	   pilus	   assembly,	   ii)	   functional	   maturation	   of	   the	  filaments,	   iii)	   counter-­‐retraction	   and	   iv)	   pilus	   emergence	   on	   the	   cell	   surface	  (Carbonnelle	  et	  al.,	  2006).	  In	  parallel,	  this	  led	  to	  the	  identification	  of	  the	  minor	  pilin	  PilX,	   a	   protein	   accessory	   for	   piliation	   but	   essential	   for	   bacterial	   aggregation.	   The	  structure/function	   analysis	   of	   PilX	   led	   to	   the	   proposal	   of	   a	   molecular	   model	  explaining	  how	  Tfp-­‐mediated	  aggregation	  might	  work	  (Hélaine	  et	  al.,	  2005,	  Hélaine	  et	  al.,	  2007).	  This	  showed	   that	   the	   identification	  and	  characterization	  of	  accessory	  proteins	  could	  contribute	  to	  a	  better	  understanding	  of	  Tfp	  biology	  and	  prompted	  us	  to	  start	  this	  study.	  Here,	  I	  have	  extended	  these	  initial	  studies	  to	  identify	  and	  further	  characterize	  all	  the	  Tfp	  genes	   that	  are	  dispensable	   for	  Tfp	  biogenesis	  but	  may	  play	   important	  roles	   in	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Tfp-­‐mediated	   functions,	   the	   molecular	   mechanisms	   of	   which	   remain	   poorly	  understood.	  The	  rationale	  was	  that	  further	  characterization	  of	  these	  proteins	  could	  lead	  to	  new	  molecular	  insights	  in	  Tfp-­‐mediated	  functions.	  In	   this	   study,	   I	   have	   therefore	   identified	   7	   Tfp	   accessory	   genes	   present	   in	   the	  genome	   N.	   meningitidis	   8013	   and	   demonstrated	   that	   they	   encode	   proteins	   that	  indeed	   play	   important	   role(s)	   in	   Tfp	   biology	   (see	   Table	   6.1	   for	   an	   overview	   of	  mutant	  phenotypes).	  This	  was	  completed	  using	  a	  large	  battery	  of	  assays	  (several	  of	  which	  I	  developed)	  to	  systematically	  assess	  piliation	  and	  Tfp-­‐mediated	  functions.	  	  
Table	  6.1	  Overview	  of	  phenotypic	  alterations	  in	  N.	  meningitidis	  Tfp	  
“accessory”	  gene	  mutants	  
	   pilT	   pilT2	   pilU	   comP	   pilV	   pilX	   pilZ	  Piliation	   é	   é	   WT	   WT	   WT	   ê	   ê	  Competence	   Nil	   WT	   WT	   Nil	   é	   ê	   WT	  Aggregation	   é	   Q	  (faster)	   WT	   WT	   Q	  (faster)	   Nil	   Nil	  Twitching	  motility	   Nil	   WT	   WT	   WT	   é	   ND	   ND	  Adhesion	  to	  Host	  cells	   Q	  	   WT	   Q	  (faster)	   WT	   Q	   Nil	   ê	  WT	  =	  mutant	  displayed	  no	  phenotypic	  alterations	  when	  compared	  to	  the	  WT	  strain,	  Nil	  =	  mutant	  displayed	  abolished	  function,	  é	  or	  ê	  =	  mutant	  displayed	  a	  positive	  or	  negative	   effect	   on	   phenotype,	   Q	   =	   mutant	   displayed	   an	   altered	   phenotype	   in	   a	  qualitative	  manner	  (see	  text	  for	  details).	  	  These	   proteins	   could	   be	   split	   into	   three	   groups	   due	   to	   their	   sequence	   features;	   i)	  PilZ,	  ii)	  the	  minor	  pilins,	  ComP,	  PilV	  and	  PilX,	  and	  iii)	  the	  traffic	  ATPases,	  PilT,	  PlT2	  and	  PilU;	  and	  the	  results	  obtained	  will	  be	  discussed	  accordingly.	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6.1.1	  PilZ	  	  PilZ	  is	  the	  protein	  I	  have	  focused	  on	  the	  most	  intensively.	  Despite	  being	  present	  and	  very	   conserved	   in	   all	   of	   the	   Tfpa-­‐expressing	   species,	   very	   little	   was	   known	  concerning	  PilZ	  when	  this	  work	  was	  started.	  In	  the	  original	  study	  in	  P.	  aeruginosa	  by	  Alm	  and	  colleagues	  (1996),	  it	  was	  reported	  that	  a	  pilZ	  mutant	  was	  non-­‐piliated	  since	  no	   pilin	   was	   found	   in	   classical	   pilus	   preparations	   (shearing	   followed	   by	  precipitation).	  Accordingly,	  this	  mutant	  was	  deficient	  in	  twitching	  motility	  and	  was	  resistant	   to	   bacteriophage	   infections,	   two	   functions/phenotypes	   that	   require	  functional	   Tfp	   in	  P.	   aeruginosa.	   Tfp	   production	   and	   functionality	  was	   restored	   by	  complementation,	  ruling	  out	  polar	  effects	  and	  confirming	  the	  involvement	  of	  PilZ	  in	  Tfp	  biology.	  Subsequently,	  during	   the	  above	  systematic	   study	  of	  genes	   involved	   in	  Tfp	  biogenesis,	  our	  group	  reported	  that	  a	  N.	  meningitidis	  pilZ	  mutant	  was	  piliated	  as	  determined	  by	  IF	  microscopy	  (Carbonnelle	  et	  al.,	  2005).	  Here,	  I	  unambiguously	  showed	  that	  the	  N.	  meningitidis	  pilZ	  mutant	  is	  piliated	  as	  its	  pili	  could	  be	  purified	  using	  a	  novel	  immuno-­‐purification	  method	  that	  I	  designed	  and	  which	  uses	   the	  20D9	  monoclonal	  antibody	  directed	  against	   the	   filaments	  of	   strain	  8013.	  However,	  piliation	  was	  shown	  to	  be	  slightly	  reduced	  by	  a	  quantitative	  ELISA	  with	  a	  2.1-­‐fold	  decrease	  when	  compared	  to	   the	  WT	  strain.	   It	   should	  be	  noted	   that	  the	   immuno-­‐purification	   method	   is	   not	   a	   quantitative	   method	   because	   of	   the	  limiting	  amount	  of	  antibody	  used.	  Interestingly,	   the	   rather	   numerous	   pili	   produced	  by	   a	  pilZ	  mutant	   (as	   seen	  by	   IF)	  were	   not	   readily	   purified	   using	   the	   classical	   pilus	   preparation	   method.	   This	   may	  well	  be	  due	  to	  changes	  in	  the	  biochemical	  properties	  of	  these	  fibres,	  such	  as	  charge	  or	   composition	   differences.	   Such	   a	   finding	   is	   not	   unprecedented,	   as	   in	   a	   P.	  
aeruginosa	  mutant	   unable	   to	   glycosylate	   the	   major	   pilus	   subunits;	   pili,	   although	  present,	   were	   also	   poorly	   purified	   using	   the	   ammonium-­‐sulphate	   precipitation	  method	  (Smedley	  et	  al.,	  2005).	  This	  finding	  could	  be	  a	  possible	  explanation	  for	  the	  apparent	  discrepancy	  between	  our	  results	  and	  those	  of	  Alm	  and	  colleagues	  (1996)	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who	  concluded	  that	  a	  pilZ	  mutant	  in	  P.	  aeruginosa	  is	  non-­‐piliated	  mainly	  because	  of	  the	  absence	  of	  pili	  in	  classical	  ammonium-­‐sulphate	  precipitation	  prepration	  method.	  Nevertheless,	  my	  results	  confirm	  that	  PilZ	  plays	  an	  important	  role	  in	  Tfp	  biology	  by	  modulating	  several	  Tfp-­‐mediated	  functions.	  Although	  it	   is	  as	  competent	  as	  the	  WT	  strain	   (suggesting	   that	   pilus	   retraction	   is	   not	   affected),	   the	  pilZ	  mutant	   displays	   a	  lack	   of	   aggregation,	   which	   probably	   explains	   its	   severely	   decreased	   adhesion.	  Surprisingly,	   the	   adhesion	   was	   not	   abolished	   as	   in	   any	   other	   non-­‐aggregative	  mutant	  and	  was	  a	  little	  higher	  than	  that	  seen	  in	  a	  non-­‐piliated	  negative	  control.	  Both	  phenotypes	  were	  restored	  to	  WT	  levels	  by	  complementing	  this	  mutant	  in	  trans	  with	  and	  inducible	  version	  of	  the	  pilZ	  gene.	  Interestingly,	  aggregation	  and	  adhesion	  were	  both	   restored	   the	   pilZ/pilT	   double	   mutant	   in	   which	   pilus	   retraction	   has	   been	  abolished	  by	  a	  second	  mutation	  in	  the	  pilT	  gene.	  This	  showed	  that	  the	  mutation	  in	  
pilT	   is	   epistatic	   to	   that	   in	   pilZ	   with	   respect	   to	   both	   adhesion	   and	   adherence	   to	  human	  cells	  and	  confirms	  that PilZ	  has	  no	  intrinsic	  adhesive	  properties.	  These	  findings	  were	  remarkably	  similar	  to	  those	  seen	  for	  the	  pilX	  mutant,	  the	  main	  differences	   being	   that	   the	   pilZ	   mutant	   was	   perfectly	   competent	   (while	   the	  competence	  of	  the	  pilX	  mutant	  was	  reduced)	  and	  presented	  a	  residual	  adhesion	  (not	  observed	  in	  the	  pilX	  mutant).	  This	  suggested	  that	  the	  two	  proteins	  could	  exert	  their	  roles	   in	   a	   similar	   fashion,	   which	   was	   confirmed	   by	   cross-­‐complementation	  experiments	   that	   showed	   that	   over-­‐expression	   of	   PilX	   in	   the	  pilZ	  mutant	   and	   vice	  
versa	   can	   restore	   aggregation	   to	   a	   small	   degree,	  with	   the	   formation	   of	   very	   loose	  aggregates,	  and/or	  increase	  adhesion.	  One	  possibility	  was	  that	  the	  co-­‐purification	  of	  PilX	  with	  pili,	  which	  is	  important	  for	  its	  role	  in	  aggregation	  and	  adhesion	  (Hélaine	  et	  al.,	  2005,	  Hélaine	  et	  al.,	  2007),	  might	  be	  affected	  in	  the	  pilZ	  mutant.	  Western	  blotting	  analysis	  of	  pilus	  preparations	  from	  a	  pilZ	  mutant	  showed	  that	  this	  was	  not	  the	  case.	  This	   analysis	   was	   also	   extended	   to	   PilV	   and	   PilC1,	   other	   Pil	   proteins	   that	   affect	  adhesion,	   which	   ruled	   out	   a	  mis-­‐localization	   of	   these	   protein	   in	   the	   fibers	   as	   the	  reason	  for	  the	  lack	  of	  adhesion	  in	  the	  pilZ	  mutant.	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Therefore	  an	  important	  question	  remained:	  how	  can	  PilZ,	  a	  protein	  that	  is	  predicted	  to	  be	  cytoplasmic	  (Alm	  et	  al.,	  1996a),	  have	  such	  similar	  effects	  to	  the	  minor	  pilin	  PilX	  that	  exerts	  its	  role	  from	  the	  filaments?	  Obviously	  this	  suggests	  that	  PilZ	  affects	  Tfp-­‐mediated	  properties	  indirectly	  from	  its	  cytoplasmic	  location	  unlike	  the	  minor	  pilin	  PilX.	   It	  was	   therefore	   important	   to	  assess	  PilZ	   localization	  experimentally,	  which	   I	  attempted	  with	  no	  success	  because	  the	  protein	  could	  not	  be	  detected	  despite	  using	  several	   strategies.	   Although,	   I	   showed	   that	   the	   polyclonal	   antibody	   that	   was	  previously	   raised	   against	   purified	   PilZ	   in	   the	   group	   is	   fairly	   sensitive,	   I	   could	   not	  detect	  the	  protein	  by	  Western	  blotting	  in	  total	  protein	  extracts	  of	  the	  WT	  strain,	  nor	  in	   the	   complemented	   pilZ	   mutant.	   This	   latter	   finding	   was	   rather	   unexpected	  considering	   that	   the	   vector	   that	   was	   used	   (pGCC4)	   usually	   leads	   to	   a	   strong	  overexpression	  of	  the	  genes	  that	  are	  put	  under	  a	  strong	  IPTG-­‐inducible	  promoter	  as	  shown	  during	  the	  PilX	  studies	  (Hélaine	  et	  al.,	  2005,	  Hélaine	  et	  al.,	  2007),	  and	  in	  the	  construction	  of	  inducible	  alleles	  for	  all	  of	  the	  other	  accessory	  genes	  in	  this	  project.	  It	  should	  be	  noted	  that	  in	  E.	  coli	  the	  inducible	  allele	  led	  to	  production	  of	  a	  PilZ	  protein	  that	   could	   be	   detected	   following	   induction	   with	   IPTG.	   Interestingly,	   although	   no	  Western	  blots	  have	  been	  done	   in	  P.	  aeruginosa	  probably	  because	  no	  antibody	  had	  been	  produced,	  when	  pilZ	  was	  placed	  on	  a	  multicopy	  plasmid	  and	  transformed	  in	  P.	  
aeruginosa	   a	  protein	  of	   the	  expected	  size	  could	  be	  detected	  by	  radiolabelling	  with	  [35S]	  methionine	  (Alm	  et	  al.,	  1996a).	  	  Surprisingly,	  I	  was	  not	  even	  able	  to	  detect	  a	  His-­‐tagged	  version	  of	  the	  protein	  using	  commercial	   anti-­‐His	  monoclonal	   antibodies,	   despite	   the	   fact	   that	   these	   N-­‐	   and	   C-­‐terminally	   His-­‐tagged	   versions	   were	   able	   to	   restore	   piliation,	   aggregation	   and	  adhesion	   to	  WT	   levels	   in	  a	  pilZ	  mutant	   following	   IPTG	   induction.	  The	  proteins	  are	  therefore	   clearly	   produced.	   Taken	   together,	   it	   is	   therefore	   unlikely	   that	   the	   PilZ	  production	  is	  too	  low	  to	  allow	  detection,	  especially	  in	  the	  inducible	  strains,	  or	  that	  the	  N-­‐	  or	  C-­‐terminus	  of	  the	  protein	  might	  be	  cleaved	  preventing	  recognition	  by	  the	  antibodies	   since	   none	   of	   the	   tagged	   versions	   could	   be	   detected.	   It	   is	   therefore	  possible	   that	  PilZ	   is	   somehow	  modified	   in	  Neisseria	   and	   the	   specific	   epitopes	   that	  would	   normally	   be	   bound	   by	   the	   antibodies	   are	   altered	   significantly	   or	   that	   the	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protein	  has	   an	   extremely	   short	   half	   life	   in	   the	  meningococcus,	  which	   at	   this	   stage	  cannot	   be	   answered.	   How	   this	   protein	   could	   be	   detected	   and	   therefore	   localized	  remains	   a	   quandary,	   although	   possibly	   the	   best	   chance	   would	   be	   to	   fuse	   it	   to	   a	  fluorescent	  protein	  and	  observe	  it	  by	  fluorescence	  microscopy.	  	  The	  second	  avenue	  I	  decided	  to	  pursue	  was	  to	  try	  to	  determine	  the	  3D	  structure	  of	  PilZ,	   which	   was	   expected	   to	   give	   precious	   information	   in	   terms	   of	   conserved	  structural	  domains	  that	  would	  aid	  in	  the	  discovery	  of	  its	  mechanism	  of	  action.	  This	  was	   inspired	   by	   the	   structural	   studies	   in	   another	   accessory	   protein	   PilX	   that	  provided	   a	   wealth	   of	   information	   leading	   to	   a	   molecular	   model	   explaining	   Tfp-­‐mediated	  bacterial	  aggregation	  (Hélaine	  et	  al.,	  2007).	  I	  therefore	  designed	  a	  suitable	  vector	   to	   express	   high	   amounts	   of	   a	   soluble	   PilZ	   protein	   that	   could	   be	   used	   for	  crystallization	   trials.	   The	  protein	  was	  produced	  as	   an	  MBP-­‐PilZ	   fusion,	  which	  was	  well	   expressed,	   soluble	   and	   efficiently	   purified	   by	   affinity	   chromatography.	   PilZ	  could	  be	  efficiently	  separated	  from	  the	  MBP	  by	  ion-­‐exchange	  chromatography	  after	  cleavage	  by	   the	   factor	  Xa	  and	   remained	   soluble.	  We	  could	  produce	  13	  mg	  of	  pure	  protein	   at	   a	   concentration	   of	   2.5	  mg.ml-­‐1	   that	  we	   sent	   to	   our	   collaborators	   at	   the	  University	  of	  Wisconsin	  Madison	   for	  crystallization	  trials.	  Unfortunately	  (for	  us),	  a	  few	  months	   following	   this,	   the	   structures	   of	   PilZ	   proteins	   in	   X.	   campestris	   and	   X.	  
axonopodis	   that	   have	   56%	   and	   54%	   amino	   acid	   conservation	   with	   the	   N.	  
meningitidis	   PilZ	  were	   published	   (Figure	   6.1)	   (Li	   et	   al.,	   2009,	   Guzzo	   et	   al.,	   2009).	  This	  meant	  that	  although	  determining	  the	  structure	  of	  N.	  meningitidis	  PilZ	  would	  be	  personally	   interesting,	   the	   impact	   of	   such	   a	   finding	   upon	   our	   knowledge	   of	   Tfp	  biology	  would	  be	  relatively	  slight	  and	  therefore	  this	  project	  was	  abandoned.	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Figure	  6.1	  Crystal	  structure	  of	  the	  Xanthomonas	  campestris	  PilZ	  	  
(A)	  Crystal	  structure	  of	  X.	  campestris	  PilZ	  protein	  Xc1028	  in	  RIBBONS	  from	  Li	  et	  al.	  (2009).	  (B)	  Amino	  acid	  sequence	  alignment	  of	  the	  X.	  campestris	  PilZ	  with	  that	  of	  N.	  
meningitidis	   8013	   (56%	   sequence	   identity	   overall).	   Black	   squares	   indicate	   amino	  acid	   identity,	   whilst	   red	   squares	   indicate	   amino	   acids	   of	   similar	   properties	   with	  respect	  to	  the	  other	  sequences.	  	  The	  PilZ	  structure	  discovered	  for	  X.	  campestris	   is	  a	  5-­‐stranded	  incomplete	  β-­‐barrel	  with	  a	  short	  α-­‐helix	  at	  its	  C-­‐terminus	  as	  can	  be	  seen	  in	  figure	  6.1A.	  Interestingly,	  as	  we	  expected,	  these	  structures	  shed	  some	  light	  on	  what	  PilZ	  might,	  or	  rather	  might	  not	  be	  doing.	  Although	  it	  was	  known	  that	  PilZ	  exhibits	  a	  limited	  homology	  to	  the	  PilZ	  domain	   (Pfam	   PF07238),	   which	   mediates	   binding	   of	   the	   important	   secondary	  messenger	   c-­‐di-­‐GMP,	   the	   above	   structures	   were	   found	   to	   lack	   an	   N-­‐terminal	  fragment	  of	   this	  domain	  that	   is	  key	   for	  the	  binding	  of	  c-­‐di-­‐GMP	  and	  completes	  the	  protein’s	  β-­‐barrell	  structure	  (Figure	  6.1A).	  In	  comparison	  with	  other	  PilZ	  protein’s	  structures	   these	   Xanthomonas	   PilZ	   proteins	   appear	   truncated	   in	   the	   N-­‐terminal	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region	  and	  could	  indicate	  a	  loss	  of	  function	  deletion	  in	  an	  ancient	  protein,	  however	  this	   is	   completely	   unsubstantiated.	   This	   lack	   of	   the	   important	   N-­‐terminus,	   which	  contains	   conserved	   amino	   acids	   in	   other	   PilZ	   proteins,	   suggests	   that	   the	   N.	  
meningitidis	   PilZ	   is	   unlikely	   to	   bind	   this	   secondary	   messenger.	   This	   has	   been	  confirmed	  in	  P.	  aeruginosa	  where	  it	  was	  shown	  that	  the	  PilZ	  protein	  (PA2960)	  was	  the	   only	   protein	  with	   a	   PF07238	   domain	   unable	   to	   bind	   c-­‐di-­‐GMP	   (Merighi	   et	   al.,	  2007).	   It	   therefore	   seems	   highly	   unlikely	   that	   PilZ	   plays	   a	   role	   in	   Tfp	   biology	   by	  binding	  this	  secondary	  messenger,	  which	  is	  further	  supported	  by	  a	  thorough	  search	  of	   the	   genome	   of	   N.	   meningitidis	   8013	   that	   showed	   that	   this	   organism	   does	   not	  encode	   any	   proteins	   that	   contain	   known	   motifs	   for	   c-­‐di-­‐GMP	   synthesis	   and	  degradation	  (such	  as	  the	  GGDEF	  and	  EAL	  domains	  for	  example).	  Therefore,	  it	  seems	  likely	  that	  PilZ,	  if	  it	  is	  as	  expected	  a	  cytoplasmic	  protein,	  has	  to	  interact	  with	  other	  cytoplasmic	  or	  inner	  membrane	  Pil	  proteins	  to	  affect	  Tfp	  biology.	  I	   initially	   hoped	   to	   determine	  whether	   PilZ	   could	   interact	  with	   other	   Pil	   proteins	  using	   a	   bacterial	   two-­‐hybrid	   assay	   (Karimova	   et	   al.,	   1998).	   Unfortunately,	   due	   to	  time	   constraints	   I	   did	   not	   have	   the	   opportunity	   to	   do	   this.	   However,	   the	   recent	  report	  that	  the	  X.	  axonopodis	  PilZ	  binds	  the	  traffic	  ATPase	  powering	  pilus	  assembly	  (Guzzo	   et	   al.,	   2009)	   might	   be	   a	   promising	   lead,	   since	   this	   was	   also	   found	   in	   our	  group	  where	  PilZ	  interacts	  with	  PilF	  (unpublished	  data).	  PilZ's	  role	  might	  therefore	  be	   to	   modulate	   pilus	   dynamics	   by	   helping	   in	   pilus	   assembly,	   which	   would	   be	  consistent	   with	   the	   phenotypic	   defects	   of	   the	   corresponding	   mutant	   (diminished	  piliation	   and	   absence	   of	   aggregation	   because	   aggregates	   could	   not	   resist	   the	  disruptive	  forces	  of	  pilus	  retraction).	  However,	  it	  cannot	  be	  excluded	  that	  the	  lack	  of	  adhesion	   and	   aggregation	   in	   the	   pilZ	  mutant	   was	   due	   to	   the	   slightly	   decreased	  piliation,	  but	  this	  is	  less	  likely	  since	  a	  modest	  decrease	  in	  piliation	  (when	  pilin	  was	  expressed	  from	  an	  inducible	  promoter)	  led	  only	  to	  a	  2-­‐fold	  decrease	  in	  adherence	  to	  host	   cells	   (Long	   et	   al.,	   2001).	   The	   recent	   discovery	   of	   the	   Xanthomonas	   PilZ	  structures	   may	   aid	   future	   studies	   of	   its	   mechanism	   of	   action	   by	   directed	  mutagenesis	  studies	  and	  also	  to	  develop	  steric	  models	  of	  possible	  interactions	  with	  other	  Pil	  proteins.	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6.1.2	  Minor	  pilins	  The	   second	   class	   of	   proteins	   I	   analyzed	   consisted	   of	   three	   pilin-­‐like	   proteins	  characterized	  by	  a	  conserved	  N-­‐terminal	  pilin	  domain	  important	  for	  cleavage	  by	  the	  prepilin	  petidase	  PilD,	   and	  subsequent	  assembly	   into	   the	   filaments.	  Together	  with	  the	  previous	  studies	  in	  our	  group,	  this	  work	  has	  shown	  that	  all	  of	  the	  8	  genes	  in	  the	  
N.	  meningitidis	  8013	  genome	  that	  encode	  proteins	  with	  such	  motifs	  are	  involved	  in	  Tfp	   biology.	   Five	   are	   essential	   for	   Tfp	   biogenesis,	   pilE,	   pilH,	   pilI,	   pilJ	   and	   pilK	  (Carbonnelle	   et	   al.,	   2005),	  while	   three	  comP,	  pilV	   and	   pilX	  are	   accessory.	  PilX	  was	  previously	  identified	  and	  extensively	  studied	  by	  our	  group	  and	  shown	  to	  be	  a	  minor	  pilus	   component	   that	  plays	  a	   central	   role	   in	  Tfp-­‐mediated	  aggregation	   (Hélaine	  et	  al.,	   2005,	   Hélaine	   et	   al.,	   2007).	   I	   confirmed	   here	   that	   ComP	   and	   PilV	   are	   indeed	  cleaved	   by	   PilD	   and	   co-­‐purify	   with	   pilus	   fibres	   purified	   by	   ammonium	   sulphate	  precipitation.	  They	  are	   therefore	  very	   likely	   to	  be	  minor	  pilins	  assembled	   into	   the	  pilus	   that	   exert	   their	   roles	   from	   that	   location	   (as	   confirmed	   by	   the	   cros-­‐complementation	  studies	  that	  showed	  that	  these	  proteins	  can	  modulate	  each	  others	  functions),	   but	   this	   remains	   to	  be	   confirmed	  by	   transmission	   electron	  microscopy	  after	   immuno-­‐gold	   labeling	   of	   these	   proteins	   as	   was	   previously	   done	   for	   PilX	  (Hélaine	  et	  al.,	  2007).	  Importantly,	  I	  have	  now	  showed	  that	  each	  of	  the	  three	  minor	  pilins	  have	  key	  but	  distinct	  roles	  in	  Tfp	  functionality	  in	  N.	  meningitidis.	  The	   pilX	   gene	   was	   included	   in	   this	   study	   as	   an	   internal	   control	   as	   it	   has	   been	  extensively	   studied	   in	   our	   group	   previously	   (Hélaine	   et	   al.,	   2005,	   Hélaine	   et	   al.,	  2007).	  All	  the	  findings	  of	  the	  previous	  studies	  were	  confirmed,	  which	  validated	  our	  approach,	   but	   this	   showed	   that	   PilX	   plays	   a	   minor	   role	   in	   competence	   for	   DNA	  transformation.	   Unlike	  what	  was	   previously	   thought,	   the	   decrease	   in	   competence	  seen	   in	  the	  pilX	  mutant	  cannot	  be	  attributed	  to	   its	   lack	  of	  aggregation	  because	  the	  
pilZ	  mutant	  which	  also	  displays	  abolished	  aggregation	   is	  perfectly	   competent.	  The	  reduced	   competence	  must	   therefore	   be	   attributed	   to	   the	   specific	   lack	   of	   PilX.	   The	  actual	   mechanism	   for	   this	   decrease	   in	   competence	   however	   is	   unknown	   and	  unlikely	  to	  be	  due	  to	  the	  slight	  decrease	  in	  piliation	  shown	  in	  the	  pilX	  mutant	  since	  it	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has	   been	   shown	   in	   the	   gonococcus	   using	   the	   strain	   with	   a	   regulatable	   pilE	   gene	  mentioned	   above	   that	   even	   a	   very	   large	   decrease	   in	   piliation	   led	   to	   only	   a	   slight	  decrease	  in	  competence	  (Long	  et	  al.,	  2001).	  ComP	   plays	   an	   essential	   role	   in	   DNA	   competence,	   which	   concurs	   with	   results	  previously	  obtained	  in	  the	  gonococcus	  (Wolfgang	  et	  al.,	  1999,	  Aas	  et	  al.,	  2002b),	  and	  extend	   them	  by	  showing	  clearly	   that	  piliation	  or	   the	  other	  Tfp-­‐mediated	   functions	  remain	  unaffected	  in	  the	  absence	  of	  this	  minor	  pilin.	  I	  also	  confirmed	  results	  by	  Aas	  and	   colleagues	   (2002b)	   that	   ComP	   acts	   in	   a	   dose	   dependant	   manner	   by	   over-­‐expressing	   it	   in	   the	  complemented	  strain	  comP/comPind,	  and	  showing	  that	   it	  had	  a	  significantly	  higher	  transformation	  frequency	  than	  the	  WT.	  This	  was	  also	  seen	  when	  ComP	  was	  overexpressed	   in	   the	  pilX	  mutant	  background,	   restoring	  competence	   to	  WT-­‐levels.	   Taken	   together,	   these	   results	   suggest	   that	   ComP	   might	   be	   the	   pilus	  component	   involved	   in	   binding	   extracellular	   DNA	   during	   transformation,	   but	   this	  has	  yet	  to	  be	  shown.	  The	  mutant	  of	  the	  final	  minor	  pilin,	  PilV,	  displayed	  rather	  more	  subtle	  phenotypes	  than	   the	   previous	   two.	   Firstly,	   it	   is	   clear	   that	   PilV	   is	   an	   antagonist	   of	   DNA	  competence,	  which	  confirms	  previous	  reports	  from	  experiments	  on	  gonococci	  (Aas	  et	   al.,	   2002a).	   This	   antagonism	   was	   also	   apparent	   in	   the	   cross-­‐complementation	  experiments	  as	  competence	  was	  decreased	  with	  overexpression	  of	  PilV	   in	   the	  pilX	  mutant	  background.	  As	  suggested	   in	  the	  gonococcus,	  PilV	  might	  affect	  competence	  by	  controlling	  the	  level	  of	  ComP	  in	  the	  fibres	  since	  ComP	  levels	  in	  pilus	  preparations	  are	  evidently	  much	  higher	  in	  the	  pilV	  mutant.	  How	  this	  occurs	  is	  not	  understood,	  but	  may	  well	   be	   due	   to	   a	   competition	   between	   PilV	   and	   ComP	   for	   assembly	   into	   the	  pilus,	  but	  this	  cannot	  be	  substantiated	  as	  our	  understanding	  of	  the	  assembly	  process	  is	  incomplete.	  PilV	  also	  plays	  a	  role	  in	  adherence	  but	  in	  a	  different	  way	  than	  in	  the	  gonococcus	   where	   a	   pilV	   mutant	   was	   shown	   to	   present	   a	   severe	   decrease	   in	  adherence	   (Winther-­‐Larsen	   et	   al.,	   2001).	   In	   contrast,	   in	   the	  meningococcus	   a	  pilV	  mutant	  adheres	  to	  the	  same	  level	  as	  the	  WT	  strain	  but	  the	  adhesion	  is	  qualitatively	  different	  when	  observed	  by	  video	  microscopy.	  The	  adhering	  aggregates	  formed	  by	  the	  pilV	  mutant	  on	  human	  cells	  are	  much	  looser	  and	  exhibit	  a	  dramatic	  increase	  in	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twitching	  motility.	  Such	  an	  increase,	  a	  phenotype	  never	  before	  reported,	  was	  shown	  to	  be	  independent	  of	  host-­‐cell	  signaling	  as	  it	  also	  occurred	  when	  pilV	  adhesion	  was	  assessed	   on	   fixed	   human	   cells.	   Finally,	   I	   also	   uncovered	   a	   totally	   new	   phenotype	  regarding	  aggregation:	   in	   the	  absence	  of	  PilV,	  bacterial	  aggregates	  appeared	   faster	  than	  in	  the	  WT.	  This	  does	  not	  seem	  to	  be	  due	  to	  change	  in	  PilX	  levels	  in	  the	  fibre,	  as	  PilX	   levels	   in	   purified	   pili	   were	   independent	   of	   PilV.	   It	   was	   difficult	   to	   propose	   a	  model	  that	  would	  reconcile	  all	  these	  observations.	  The	  possibility	  that	  aggregation	  was	   faster	   in	   a	  pilV	  mutant	   because	   of	   a	   reduced	   retraction	   of	   the	   fibers	  was	   not	  consistent	  with	  the	  hyper-­‐twitching	  phenotype	  observed	  on	  human	  cells.	  However,	  it	   is	   possible	   that	   the	   actual	   role	   of	   PilV	   may	   be	   in	   promoting	   the	   cohesion	   of	  bacterial	  aggregates,	  which	  may	  promote	  the	  adhesion	  to	  host	  cells.	  In	  the	  absence	  of	  this	  molecule	  aggregates	  would	  be	  less	  cohesive,	  they	  indeed	  appear	  “looser”	  on	  human	  cells,	  which	  could	  explain	  the	  hyper-­‐twitching	  phenotype	  (i.e.	  there	  would	  be	  less	   resistance	   to	   twitching).	  This	   is	   expected	   to	   result	   in	   a	   less	   efficient	   adhesion	  with	   more	   fragile	   microcolones	   and	   might	   explain	   the	   adhesion	   defects	   in	   the	  gonococcus.	  This	   is	  also	  consistent	  with	  an	  observation	  in	  N.	  meningitidis	   in	  which	  the	  pilV	  mutant	  was	  shown	  to	  have	  a	  low	  tolerance	  for	  shear	  stress	  as	  observed	  in	  adhesion	   experiments	   completed	   in	   a	   laminar	   flow	   chamber	   (Mikaty	   et	   al.,	   2009).	  Such	  a	  scenario	  could	  be	  tested	  by	  determining	  the	  adhesion	  under	  flow	  of	  a	  pilV/T	  mutant,	  which	  forms	  compact	  aggregates	  as	  PilT-­‐mediated	  retraction	   is	   lost	  and	  is	  expected	  to	  adhere	  well	  to	  the	  cells.	  However,	  whether	  this	  scenario	  is	  true	  or	  not,	  it	  is	  difficult	  to	  reconcile	  this	  with	  the	  faster	  aggregation	  of	  the	  pilV	  mutant	  observed	  in	  liquid	  medium.	  	  
6.1.3	  Traffic	  ATPases	  This	   final	   group	   of	   Tfp	   accessory	   genes	   is	   the	   most	   homogenous,	   as	   these	   genes	  encode	  a	  set	  of	  paralogous	  proteins	  exhibiting	  a	  high	  level	  of	  sequence	  identity	  that	  belong	   to	   the	   family	   of	   ATPases	   associated	   with	   type	   II/IV	   secretion	   systems	  (Satyshur	   et	   al.,	   2007),	   also	   called	   traffic	   ATPases.	   These	   proteins	   all	   contain	   the	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Walker	  A	  and	  B	  boxes,	  required	  for	  ATP	  binding	  and	  hydrolysis	  (Walker	  et	  al.,	  1982,	  Aukema	  et	  al.,	  2005,	  Chiang	  et	  al.,	  2008)	  and	  more	  specific	  features	  such	  as	  the	  Asp	  and	  His	  boxes	  (Misic	  et	  al.,	  2010).	  One	  of	  the	  members	  of	  this	  group,	  PilT,	  is	  also	  one	  of	   the	   most	   extensively	   studied	   and	   best	   characterized	   proteins	   involved	   in	   Tfp	  biology	   and	   it	   has	   been	   shown,	   in	   numerous	   organisms,	   to	   play	   a	   critical	   role	   by	  powering	  pilus	  retraction	  which	  is	  crucial	  for	  all	  aspects	  of	  Tfp	  biology.	  As	  would	  be	  expected,	  results	  presented	  here	   for	   the	  pilT	  mutant	  were	  entirely	  consistent	  with	  published	   results,	   with	   abolished	   twitching	   motility	   and	   competence	   for	   DNA	  transformation,	   increased	   piliation	   and	   aggregation,	   and	   adhesion	   to	   human	   cells	  that	  was	  affected	  in	  a	  qualitative	  manner	  (Whitchurch	  et	  al.,	  1991,	  Wolfgang	  et	  al.,	  1998a,	  Pujol	  et	  al.,	  1999).	  Since	  I	  confirmed	  that	  the	  mutants	  in	  the	  other	  two	  genes,	  
pilT2	  and	  pilU,	  play	  no	  role	  in	  Tfp	  biogenesis	  (unlike	  mutants	  in	  the	  PilF	  ATPase	  that	  powers	   pilus	   assembly)	   it	   was	   tempting	   to	   speculate	   that	   PilT2	   and	   PilU	   could	  somehow	   be	   involved	   in	   modulating	   Tfp	   dynamics	   together	   with	   PilT.	   However,	  cross-­‐complementation	   experiments	   clearly	   confirmed	   that	   these	   proteins	   play	  different	  roles	  as	  the	  overexpression	  of	  PilT2	  or	  PilU	  could	  not	  compensate	  for	  the	  lack	  of	  PilT	  with	  regard	  to	  pilus	  reatraction.	  	  PilT2	   is	   specific	   to	  Neisseria,	   and	  had	  not	  been	   studied	  before.	  The	   corresponding	  mutant	  was	  found	  to	  be	  hyper-­‐piliated	  and	  formed	  aggregates	  faster	  than	  WT.	  This	  suggests	   that	   this	   protein	   is	   in	   fact	   an	   antagonist	   to	   filament	   formation	   and/or	  stability,	   although	   not	   to	   the	   same	   extent	   that	   the	   PilT	   protein	   is.	   A	   simple	  explanation	   for	   this	   is	   that	  PilT2	  might	  act	  synergistically	  with	  PilT	   to	  provide	   full	  retractive	   capabilities,	   its	   absence	   resulting	   in	   a	   “slowing	  down”	  of	  Tfp	   retraction,	  which	   is	   consistent	   with	   the	   observed	   phenotypes	   for	   the	   pilT2	   mutant.	   This	  scenario	  remains	  to	  be	  experimentally	  tested.	   It	  would	  be	  extremely	   interesting	  to	  quantify	  the	  retraction	  kinetics	  in	  a	  pilT2	  mutant	  by	  using	  optical	  tweezers.	  Another	  interesting	   route	   for	   study	   would	   be	   to	   complete	   a	   mutagenesis	   study	   of	   this	  protein’s	   potential	   ATP	   binding	   and	   hydrolysis	   domains	   to	   confirm	   that	   it	   is	   its	  ATPase	  activity	  that	  causes	  the	  mutants	  phenotypic	  traits.	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With	   regard	   to	   PilU	   however,	   it	   is	   difficult	   to	   see	   how	   a	   modulatory	   role	   in	   Tfp	  retraction	  would	  lead	  to	  the	  apparently	  faster	  adhesion	  to	  host	  cells	  observed	  in	  the	  
pilU	   mutant.	   As	   adhesion	   is	   linked	   to	   the	   aggregation,	   it	   seems	   likely	   that	  aggregation	   is	   somehow	  altered	   in	   the	  pilU	  mutant.	  However,	   a	   faster	  aggregation	  was	   ruled	  out	   for	   the	  pilU	  mutant	   and	   therefore	   could	  not	   explain	   the	   increase	   in	  adhesion.	  It	  should	  be	  noted	  though	  that	  even	  the	  faster	  aggregation	  observed	  in	  the	  
pilT2	   and	   pilV	   mutants	   did	   not	   lead	   to	   a	   faster	   adhesion.	   Another	   plausible	  possibility	   is	   that	   the	   pilU	   mutant	   forms	   larger	   aggregates.	   However,	   the	   current	  methods	   that	   are	   available	   to	   us	   do	   not	   allow	   us	   to	   test	   this	   hypothesis.	  Nevertheless,	   our	   results	   for	   PilU	   add	   to	   the	   vast	   array	   of	   roles	   attributed	   to	   this	  protein	   in	   the	   different	   species	   in	   which	   it	   has	   been	   studied.	   Unsurprisingly	   our	  observations	  agree	  mostly	  with	   those	  of	   the	   closely	   related	  N.	  gonorrheae	   as	  both	  mutants	  are	  hyper-­‐adhesive,	  however	  there	  is	  a	  major	  difference	  as	  the	  gonococcal	  mutant	   is	   non-­‐aggregative	   (Park	   et	   al.,	   2002).	   This	   is,	   however,	   a	   curious	   and	  apparently	   conflicting	   combination,	   as	   these	   two	   phenotypes	   do	   not	   seem	   to	   be	  compatible.	   Our	   findings	   are	   also	   similar	   to	   those	   in	   P.	   stuzeri,	   although	   the	  meningococcal	  mutant	   does	   not	   exhibit	   the	   reduced	   transformability	   observed	   in	  this	  species	  (Graupner	  et	  al.,	  2001).	  However,	  our	  results	  do	  not	  agree	  with	  those	  in	  
P.	  aeruginosa	   in	  which	  the	  pilU	  mutant	   is	  hyper-­‐piliated	  and	  defective	   in	  twitching	  motility	  (Whitchurch	  and	  Mattick,	  1994),	  or	  Dichelobacter	  nodosus,	  in	  which	  it	  lacks	  the	  ability	  to	  undergo	  twitching	  motility	  but	  is	  apparently	  normally	  piliated	  (Han	  et	  al.,	   2008).	   Why	   such	   great	   differences	   are	   seen	   in	   these	   different	   organisms	   is	  unknown	  at	  this	  stage.	  However,	  it	  bolsters	  our	  initial	  rationale	  that	  to	  understand	  the	  Tfp	  biology	  in	  any	  species,	  a	  systematic	  functional	  analysis	  of	  each	  gene	  involved	  is	  required	  in	  this	  particular	  species.	  Taken	  together,	  these	  results	  indicate	  that	  unlike	  what	  was	  described	  recently	  in	  M.	  
xanthus	  where	  several	  PilT	  paralogs	  exist	  (Clausen	  et	  al.,	  2009),	  PilT,	  PilT2	  and	  PilU	  are	  unlikely	  to	  form	  separate	  retraction	  motors.	  It	  is	  more	  likely	  that	  PilT	  is	  the	  main	  motor	   and	   that	   PilT2	   and	   PilU	   somehow	   modulate	   its	   function,	   possibly	   by	  interacting	   with	   PilT	   itself.	   A	   possible	   future	   direction	   of	   research	   would	   be	   to	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undertake	  protein	  interaction	  studies	  to	  determine	  if	  PilT2	  and	  PilU	  interact	  directly	  with	  PilT,	  or	  any	  other	  Pil	  protein	  for	  that	  matter.	  	  
6.2	  An	  improved	  method	  for	  purifying	  Tfp	  Whether	   some	   of	   the	   previously	   identified	   phenotypic	   defects	   result	   from	   altered	  pilus	   composition	   remains	   to	  be	  proven.	  However,	  what	  Tfp	   are	   composed	  of	   is	   a	  crucial,	   and	   still	   open	   question	   because	   the	   pilus	   purification	   methods	   that	   are	  currently	  available	  cannot	  be	  used	  to	  define	  the	  exact	  composition	  of	  the	  fibre	  with	  regard	   to	  minor	   components.	   The	  methods	  most	   commonly	   used	   in	   the	   field	   are	  variations	   of	   the	   one	   first	   described	   by	   Brinton	   (Brinton,	   1965),	   and	   involve	  precipitation	   of	   the	   pili	   that	   were	   previously	   sheared	   (often	   by	   vortexing)	   using	  ammonium	   sulphate	   saturated	   buffers.	   These	   are	   robust	   and	   quite	   efficient	  methods,	  but	  since	  the	  precipitation	  is	  not	  specific	  for	  pili	  it	  can	  lead	  to	  unexpected	  results	   such	   as	   the	   identification	   in	   pilus	   enriched	   fractions	   of	   proteins	   that	   are	  definitely	   not	   part	   of	   pili	   such	   as	   for	   example	   PilQ	   (Wolfgang	   et	   al.,	   1998a).	   I	  therefore	  attempted	  to	  design	  a	  new	  and	  improved	  method	  for	  purifying	  pili	  relying	  on	  affinity	   chromatography.	  The	  objective	  was	   to	   tag	   the	  pilin	  with	  an	  affinity	   tag	  (i.e.	  His-­‐tag),	  analyze	  the	  engineered	  strain	  for	  piliation	  and	  Tfp-­‐mediated	  functions	  and	  try	  to	  purify	  its	  fibers	  on	  a	  nickel	  column.	  The	  first	  strain	  was	  designed	  previously	  in	  the	  lab	  by	  complementing	  a	  pilE	  mutant	  with	  an	   inducible	  pilE	  allele	   tagged	  with	  a	  6xHistidine	  motif	   at	   its	  C-­‐terminus	  and	  under	   the	   transcriptional	   control	   of	   and	   IPTG	   inducible	   promoter	   (using	   the	  extensively	   used	   pGCC4	   vector).	   I	   confirmed	   that	   the	   PilE6xHis	   was	   produced	  although	  at	  a	  much	  lower	  level	  than	  WT	  PilE	  and	  could	  be	  assembled	  into	  filaments.	  This	  was	   an	   important	   result	   since	   it	   confirmed	   that	   the	  His-­‐tag	   did	   not	   interfere	  with	   pilus	   assembly,	   which	   is	   consistent	   with	   similar	   efforts	   with	   major	  pseudopilins	  in	  T2S	  (Vignon	  et	  al.,	  2003)	  but	  different	  from	  a	  previous	  unsuccessful	  attempt	   in	   Neisseria	   (Dieckelmann	   et	   al.,	   2003).	   The	   pili	   could	   not	   be	   efficiently	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purified	  by	  classical	  pilus	  preps,	  but	  could	  be	  purified	  by	   the	   immuno-­‐purification	  method	  I	  designed	  using	  both	  the	  20D9	  and	  a	  commercial	  monoclonal	  anti-­‐His-­‐HRP	  conjugate	  antibody.	  A	  quantitative	  whole-­‐cell	  ELISA	  confirmed	  that	  the	  engineered	  
pilE/pilE6xHisind	  strain	  produced	  very	  low	  levels	  of	  pili.	  Consistent	  with	  this	  finding,	  I	   found	  that	  Tfp-­‐mediated	   functions	   in	   this	  strain	  were	  dramatically	  affected.	  Only	  competence	   for	   DNA	   transformation	   was	   not	   completely	   abolished,	   which	   agrees	  with	   the	   notion	   that	   very	   few	   pili	   can	   mediate	   substantial	   transformation	   as	  demonstrated	   in	   the	  gonococcus	  using	   the	   regulatable	  pilE	   gene	  mentioned	  above	  (Long	   et	   al.,	   2001).	   This	   strain	   was	   therefore	   deemed	   to	   be	   unsuitable	   for	   our	  intended	  approach.	  Since	   the	  main	  problem	  appeared	   to	  be	   in	   the	   low	  expression	  of	   the	   tagged	  allele	  from	   the	   IPTG-­‐inducible	   promoter,	   we	   changed	   our	   approach	   to	   create	   a	   new	  meningococcal	  strain,	  pilE6xHisGS,	   in	  which	  the	  tagged	  allele	  would	  replace	  the	  WT	  allele	  and	  be	  under	  the	  control	  of	  the	  native	  pilE	  promoter,	  which	  is	  thought	  to	  be	  one	   of	   the	   strongest	   promoters	   in	   Neisseria.	   This	   was	   completed	   using	   a	   gene	  splicing	   PCR	   method.	   The	   PilE6xHis	   expression	   improved	   substantially	   when	  compared	  to	  the	  inducible	  version	  and	  was	  only	  slightly	  lower	  than	  that	  observed	  in	  the	  WT	  strain.	  Although	  the	  new	  strain	  was	  much	  more	  piliated	  than	  the	  previous	  one	   (as	  assessed	  by	   IF	  microscopy)	   it	   appeared	   slightly	   less	  piliated	   than	   the	  WT.	  Quantification	  of	  piliation	  has	  however	  been	  difficult	  as	  the	  whole-­‐cell	  ELISA	  results	  gave	   lower	   values	   (a	   5-­‐fold	   reduction	   in	   piliation)	   than	   expected	   from	   the	   IF	  observations.	   It	   is	  not	   impossible	   that	   the	  His-­‐tag	   is	  somehow	  interfering	  with	   the	  ability	  of	  the	  20D9	  antibody	  to	  bind	  its	  preferred	  epitope	  on	  PilE.	  What	  adds	  to	  the	  conundrum	   is	   that	   the	   pili	   of	   this	   strain	   were	   quite	   efficiently	   purified	   using	   the	  classical	  pilus	  preparation	  unlike	  for	  example	  the	  pili	  in	  the	  pilZ	  mutant	  that	  is	  only	  2-­‐fold	  less	  piliated	  than	  the	  WT.	  Consistent	  with	  the	  finding	  that	  strain	  pilE6xHisGS	  produces	  more	  pili,	   it	  was	  found	  to	  be	  able	  to	   form	  aggregates,	  undergo	  twitching	  motility,	  adhere	  to	  host	  cells	  and	  be	   transformed	   almost	   as	  well	   as	   the	  WT	   strain.	   This	   is	   an	   important	   result	   as	   it	  shows	  that	  the	  His-­‐tag	  does	  not	  interfere	  significantly	  with	  Tfp-­‐mediated	  functions.	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This	  is	  significant	  as	  it	  would	  indicate	  that	  other	  potential	  constituents	  of	  the	  pilus	  known	  to	  affect	  these	  functions	  are	  present,	  such	  as	  PilX	  the	  minor	  pilin	  known	  to	  be	  involved	  in	  Tfp-­‐mediated	  aggregation	  in	  our	  organism	  (Hélaine	  et	  al.,	  2007).	  Importantly,	  His-­‐tagged	   filaments	   could	   indeed	  be	  efficiently	  purified	  by	  a	   regular	  affinity	  chromatogaphy.	  This	  was	  confirmed	  by	  immuno-­‐fluorescence	  microscopy	  of	  the	  purified	  fractions	  in	  which	  filaments	  could	  be	  visualized.	  However,	  our	  inability	  to	   use	   an	   automated	   FPLC	   setup	   (which	   should	   be	   confirmed)	   means	   that	   the	  purification	  has	  to	  be	  completed	  manually	  using	  a	  drip	  column.	  The	  upshot	  of	   this	  method	   is	   that	   it	   does	   allow	   complete	   control	   over	   the	   purification,	   including	   the	  ability	  to	  improve	  the	  binding	  by	  incubating	  the	  shear	  fraction	  with	  the	  resin.	  I	  also	  optimized	   the	   buffer	   constituents	   that	   were	   used	   to	   improve	   the	   purification	  further,	  coming	  to	  the	  conclusion	  that	  the	  addition	  of	  0.5%	  Triton	  X-­‐100	  to	  the	  wash	  buffers	  was	  the	  best	  approach.	  Further	   development	   of	   this	   method	   is	   now	   required.	   The	   purified	   fibers	   would	  need	   to	  be	  detected	  by	   a	  more	   resolutive	   approach	   such	   as	   transmission	   electron	  microscopy.	  The	  buffers	  could	  be	  optimized	  further	  and	  the	  method	  could	  be	  scaled	  up	   to	   purify	   large	   amount	   of	   fibers	   necessary	   for	   a	   precise	   analysis	   of	   their	  composition.	   Moreover,	   since	   the	   pilE6xHisGS	   strain	   is	   competent	   for	   DNA	  transformation	  it	  can	  be	  transformed	  by	  mutations	  in	  the	  accessory	  genes	  that	  were	  identified	   during	   this	   study,	   and	   could	   be	   used	   to	   purify	   fibers	   in	   these	   genetic	  backgrounds	  to	  determine	  if	  pilus	  composition	  might	   indeed	  be	  altered	  in	  some	  of	  the	  mutants.	  	  
6.3	  Final	  conclusions	  and	  perspectives	  This	   study	   has	   completed	   the	   systematic	   phenotypic	   analysis	   of	  mutants	   in	   genes	  involved	  in	  Tfp	  biology	  that	  was	  started	  by	  our	  group	  in	  N.	  meningitidis	  8013	  several	  years	  ago.	  We	  now	  have	  a	  global	  picture	  of	  Tfp	  biology	  in	  this	  strain	  by	  knowing	  the	  roles	   of	   these	   proteins.	   Along	   with	   previous	   studies	   in	   the	   biogenesis	   genes	  
	   	  
	   	  191	  
(Carbonnelle	  et	  al.,	  2005,	  Carbonnelle	  et	  al.,	  2006),	  we	  now	  know	  that	  23	  proteins	  play	  important	  roles	  in	  Tfp	  biology	  in	  this	  human	  pathogen	  (ComP,	  PilC1,	  PilC2,	  PilD,	  PilE,	  PilF,	  PilG,	  PilH,	  PilI,	  PilJ,	  PilK,	  PilM,	  PilN,	  PilO,	  PilP,	  PilQ,	  PilT,	  PilT2,	  PilU,	  PilV,	  PilW,	   PilX,	   and	   PilZ).	   With	   the	   systematic	   phenotypic	   analysis	   of	   mutants	   in	  accessory	  genes	  described	  here,	  we	  have	  observed	  many	  novel	  phenotypes,	  some	  of	  which	   were	   gleaned	   from	   the	   development	   of	   novel	   assays	   that	   will	   aid	   future	  studies.	  All	  of	   the	  7	  proteins	  modulate	  Tfp-­‐associated	   functions	  to	  various	  extents,	  some	   playing	   roles	   in	   one	   function,	   e.g.	   ComP	   only	   playing	   a	   role	   in	   DNA	  competence,	  whilst	  others	  play	  roles	  in	  multiple	  functions,	  e.g.	  PilT	  playing	  roles	  in	  all	   Tfp	   functions	   (see	   Table	   6.1	   for	   a	   summary).	   This	   occurred	   without	   dramatic	  changes	   in	  piliation,	  which	   is	  particularly	   exciting	   as	   it	   is	   expected	   to	  be	  useful	   in	  elucidating	   the	   molecular	   mechanisms	   of	   some	   of	   these	   functions	   by	   promoting	  further	  characterization	  of	  these	  proteins.	  A	  practical	  example	  of	  how	  this	  could	  work	  lies	  with	  the	  structural	  studies	  in	  PilX,	  which	   have	   allowed	   identification	   of	   specific	   parts	   of	   the	   protein	   for	   directed	  mutagenesis	  studies	   that	  aided	   in	  mechanistic	  modeling	   for	   its	   role	   in	  aggregation	  (Hélaine	  et	  al.,	  2007).	  It	  would	  therefore	  be	  interesting	  to	  determine	  the	  structure	  of	  each	   accessory	   protein,	   as	   this	   would	   provide	   invaluable	   data	   to	   determine	   how	  these	  proteins	  play	  their	  roles.	  This	  would	  be	  particularly	  interesting	  for	  the	  minor	  pilins	  ComP	  and	  PilV	  that	  play	  well	  defined	  roles.	  Although	  this	  might	  be	  a	  difficult	  task,	   it	  would	  be	  interesting	  to	  extend	  this	  approach	  to	  all	  Tfp	  biology	  proteins.	  As	  can	  be	   seen	   in	   other	   systems,	   e.g.	   the	  P	  pili,	  when	  more	   and	  more	   structures	  will	  become	   available	   for	   Tfp	   proteins	   this	   will	   provide	   very	   useful	   information	   that	  could	   lead	   to	  an	   in-­‐depth	  understanding	  of	   the	  machinery	   involved	   in	  Tfp	  biology.	  For	   example,	   the	   newly	   reported	   structure	   for	   PilZ	   (Li	   et	   al.,	   2009,	   Guzzo	   et	   al.,	  2009)	   could	   be	   useful	   to	   aid	   directed	   mutagenesis	   of	   this	   protein	   in	   order	   to	  perform	   a	   structure/function	   analysis	   to	   understand	  which	   specific	   residues	   play	  key	   functional	   roles.	   However,	   a	   means	   to	   detect	   this	   protein	   will	   need	   to	   be	  designed.	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The	   novel	   method	   of	   fibre	   purification	   described	   here	   is	   an	   important	   tool	   and	  starting	  point	  for	  future	  studies	  aimed	  at	  determining	  pilus	  composition	  in	  the	  WT	  strain	  and	  in	  the	  various	  mutants	  analyzed	  during	  this	  study	  without	  the	  limitations	  that	   seem	   to	   affect	   traditional	   pilus	   purification	  methods.	   The	   composition	   of	   the	  purified	   filaments	   should	   be	   readily	   determined	   by	   mass	   spectroscopy	   methods.	  This	  would	   for	  example	  provide	  definitive	  answers	   to	   the	  question	  whether	  ComP	  and	  PilV	  are	  minor	  pilins	  or	  whether	  PilC1	  is	  indeed	  a	  pilus-­‐located	  adhesin.	  These	  fibers	  could	  also	  be	  used	  for	  in	  vitro	  assays	  to	  determine	  whether	  they	  are	  capable	  of	  binding	  DNA	  and/or	  adhering	  to	  host	  cells.	  Another	  interesting	  route	  of	  further	  study	  would	  be	  to	  systematically	  determine	  the	  interactions	  of	  the	  accessory	  proteins	  with	  each	  other	  and	  other	  Pil	  proteins	  in	  this	  organism.	   Such	   studies	   have	   only	   been	   performed	   in	   the	   more	   distant	   Tfpb	  expressing	  model	  systems	  (Ramer	  et	  al.,	  2002,	  Hwang	  et	  al.,	  2003,	  Crowther	  et	  al.,	  2005).	  This	  would	  surely	  aid	  proposing	  a	  model	  of	  Tfp	  biogenesis	  and	  could	  help	  us	  further	   our	   understanding	   of	   the	   players	   in	   Tfp	  mediated	   functions.	   For	   example,	  the	  proposed	  interactions	  between	  PilZ	  and	  the	  ATPase	  involved	  in	  pilus	  assembly	  in	  Xanthomonas	   (Guzzo	  et	  al.,	  2009),	  could	  be	  a	  good	  starting	  point	   to	  understand	  the	  role	  of	  the	  PilZ	  protein.	  In	  parallel	  with	  this	  approach	  a	  systematic	   localization	  study	   to	  determine	  where	  each	  of	   these	  components	  are	   in	   the	  cell	  would	  also	  be	  interesting	   and	   useful.	   For	   the	   minor	   pilins	   this	   could	   be	   completed	   as	   was	  described	   for	   by	   PilX,	   by	   immuno-­‐gold	   labeling	   and	   assessment	   of	   Tfp	   by	  transmission	  electron	  microscopy.	  For	  the	  other	  proteins,	  for	  most	  of	  which	  we	  have	  antibodies,	  Western	  blotting	  analysis	  of	  cellular	   fractions	  may	  help	   in	  determining	  their	   localization.	   For	   PilZ	   problems	   could	   be	   resolved	   by	   creating	   fusions	  with	   a	  fluorescent	   protein	   since	   the	   more	   traditional	   methods	   have	   so	   far	   been	  unsuccessful.	  Many	   questions	   remain	   in	   Tfp	   biology,	   especially	   with	   regard	   to	   the	   molecular	  mechanisms	   of	   Tfp	   biogenesis	   and	   functionality,	   and	   as	   these	   are	   answered	  more	  will	  be	  posed.	  Therefore	  systematic	  approaches	  such	  as	  the	  one	  outlined	  here	  could	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play	  an	  important	  part	  in	  future	  studies	  of	  these	  fascinating	  organelles	  for	  the	  years	  to	  come.	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